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FOREWORD 


This  Is  the  final  Technical  Documentary  Repoirt  for  ASD 
Contract  AF  33(657)~dl03j  suimnarlzing  all  activities  pertinent 
to  the  contract.  Essential  Information  included  In  monthly 
status  letter  reports  prepared  during  the  course  of  the  contract 
(May  1962  through  July  1963)  has  been  lncozi>orated  In  this 
report,  so  that  it  may  he  utilized  as  a  single  entity. 

The  work  described  vas  performed,  for  the  most  peurb,  by 
Donald  Koch  of  the  Optics  Laboratory,  James  Nixon  of  Thermal 
Analysis,  and  Raymond  Wykes  of  Structural  Sciences  at  the  Los 
Angeles  Division  of  North  American  Aviation,  Inc.  Responsibility 
for  supervising  the  program  vas  assigned  to  Seymour  Kbnopken 
(during  the  early  months)  cmd,  later,  Robert  KLemm,  under  overall 
management  of  R.  R.  Janssen,  Director,  Laboratories. 

Direction  and  guidance  by  the  ASD  Program  Manager,  Mr.  H.  R. 
Gedling,  and  his  predecessor,  Lt.  L.  Rc^molds,  during  the  contract 
period  are  gratefully  acknovledged. 


The  Contractor's  assigned  number  for  this  report  is  NA-63-717* 


ifflSTRACT 


The  pturpose  of  this  contract  vas  twofold:  (l)  to  attempt  Xaboratorj 
verification  of  the  analytically  predicted  effects  of  environmentally- 
stressed  windows  on  photographic  image  quality,  euad  (2)  to  perfora  an 
engineering  Investigation  directed  toward  the  more  precise  determina¬ 
tion  of  the  window  environment  to  be  expected  In  a  hypersonic  vehicle, 
and  the  feasibility  of  reducing  the  severity  of  such  an  environment. 

Both  objectives  have  been  fulfilled.  It  Is  reconnended  that  flight 
tests  be  considered  In  any  subsequent  program.  In  order  to  more  closely 
simulate  the  envlroimental  factors  which  affect  window  performance.  It 
Is  further  recommended  that  research  be  directed  toward  the  attainment 
of  a  suitable  method  for  direct  measurement  of  temperature  distributions 
within  glass  panels. 


lublication  of  this  technical  docu'ientary  report  does  not  constitute 
Air  Force  arjproval  of  the  report's  findings  or  conclusions.  It  is 
published  only  for  the  exchange  and  stimulation  of  ideas. 
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Section  Z 


UfTRODDCnOV 


riiotographle  reconnaissance  has  tor  xmny  years  been  one  ot  the  nost 
effsctlTe  roenns  tor  the  collection  ot  intelli^nce  Information.  With  the 
adrent  of  supersonic  anl  hypersonic  Tehlcles,  the  enrlronraental  conditions 
to  vhlch  the  camera  systems  are  ejq>06ed  hscre  become  more  serere.  At  the 
same  tlne^  because  of  the  hl^^r  Telocltles  and  altitudes,  the  require¬ 
ments  for  <^lcal  quality  and  precision  are  more  stringent. 

The  photographic  vlndov,  separating  the  camera  cooqMurtmeiit  fltin  the 
external  enrlronoent,  performs  sereral  necessazy  functions: 

(a)  It  protects  the  camera  from  excessive  heat. 

(b)  It  helps  maintain  an  aerodynamlcally  acceptable  moldline. 

(c)  It  acts  as  a  pressure  seal  for  the  camera  cooqiartaient. 

It  should  perform  these  functions  while  not  adversely  affecting  the  i>erfor- 
mance  of  the  camera. 

nie  heat  generated  at  the  skin  of  a  8tq>ersonle  vehicle  Is  absorbed  by 
the  window.  The  part  of  the  glass  which  Is  nearer  the  outer  surface  absorbs 
more  heat  than  the  Inner  x>ortlons.  Since  the  glass  expands  as  a  function 
of  tenperature,  the  temperature  differential  throu^  the  glass  induces  a 
bowing  (bending)  of  the  window.  The  stressed  window  then  acts  as  an  addi¬ 
tional,  imwaated  "diffusing  lens"  In  front  of  the  camera,  causing  distortion 
of  the  Image  and  a  general  reductl<xi  in  clarity  of  the  photogrc^hs.  This 
degradation  of  image  quality  can  mean  the  difference  between  effective  recon¬ 
naissance  and  a  wasted  mission. 

While  the  effects  of  stressed  windows  on  photographic  Image  quality  have 
been  analyzed  to  some  extent  In  the  paat,  little  or  no  experimental  verifi¬ 
cation  of  the  phenomena  has  been  attenq>ted.  It  Is  the  purpose  of  this  con¬ 
tract  to  i>crform  a  laboratoxy  Investigation  of  the  effects,  and  to  evolve 
design  techniques  for  the  partial  protection  of  photographic  windows  from 
the  severities  of  hypersonic  vehicle  environments. 


I!anuscript  released  by  the  author  30  March  1964  for  publication  as  an 
RTO  Technical  Report* 
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Section  II 


SUMMARY 


Recults  of  «  research  program  on  photographic  vindovs  for  use  in  super¬ 
sonic  and  hypersonic  vehicles  are  presented  in  this  report.  Previous  analy¬ 
tical  predictions  concerning  the  effects  of  Induced  vlndov  curvature  on 
optical  qxiality  have  been  found  to  be  questionable.  Certain  assumptions 
upon  which  the  predictions  were  based  were  found  to  be  somewhat  inadequate, 
and  the  equations  were  modified  accordingly.  Good  qualitative  agreement 
between  exx>erlmental  results  and  the  modified  theory  was  then  established. 

Investigations  of  several  typical  alrcraift  trajectories  has  yielded 
useful  information  concerning  heat  transfer  through  camera  windows,  tempera- 
tiure  distributions  within  the  windows,  and  pressxire  differentials,  as  func¬ 
tions  of  time.  Particularly  for  a  high-angle  and  a  low-angle  re-entry 
trajectory  for  a  I^asoar-type  vehicle,  a  great  deal  of  thermal  data  was 
generated  during  the  program,  for  evalxiation  of  Dynasoar  as  a  i>osslble  re¬ 
connaissance  vehicle. 

Design  criteria  and  techniques  for  thermal  protection  of  camera  windows 
have  been  evolved.  Several  designs  for  camera  window  mounts  suitable  for 
use  in  a  high -temperature  (2500  F)  environment  are  Included  in  this  report. 

In  addition,  the  efficacy  of  protecting  the  window  from  the  thermal  environ** 
ment  has  been  investigated.  Two  methods,  separation  of  aerodynamic  flow 
(recessing  the  window)  and  controlled  expansion  flow  (tilting  the  window) 
have  been  found  to  be  feasible.  Controlled  expansion  flow  can  reduce  the 
heat  Input  to  the  window  by  30  to  50  percent,  reducing  the  window  temperature 
correspondingly. 


Cancellation  of  the  Dynasoar  program  negates  the  usefulness  of  a 
portion  of  the  data  presented  herein.  But  the  analytical  procedures  for 
obtaining  that  data,  developed  during  the  course  of  this  contract,  are 
obviously  ajjplicable  to  the  generation  of  analogous  data  for  other  advanced 
vehicles. 
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Section  HI 


PRCXS^  OBJECTIVES 


The  general  objective*  of  the  program  vere  "to  provide  for  the 
ejqperimental  verification  (or  contradiction)  of  the  calculated  effects 
of  supersonic  hypersonic  speed  on  an  unprotected  photographic  vindov, 
tunA  to  evolve  methods  of  installation  and  thermal  protection^"  Beferenc* 

The  specific  objectives  vere  as  follows  s 

(a)  Literatvire  Survey 

(b)  Parameter  Analysis 

Establishment  of  reliable  optical  methods  for  evaluation  of  photographic 
quality. 

Selection  of  photographic  missions  based  on  existing  or  planned  vehicles. 

Determination  of  expected  window  tec^erature  gradients  and  pressxare 
differentials . 

(c)  Verification  of  Analysis 

Experimental  determination  of  the  dependence  of  optical  deviation  and 
resolution  on  teo^rature  and  pressure  differences,  glass  type,  shape,  and 
thickness . 

Experimental  determination  of  the  dependence  of  optical  deviation  and 
resolution  on  boundary  layer  refraction,  shock  wave  Interference,  and  ’"riliiio- 
sity. 


(d)  Design  Recomacndatlona 

Establishment  of  three  mission  profiles  covering  the  range  of  super¬ 
sonic,  high  supersonic,  and  hypersonic  aircraft. 

Design  of  representative  window  mountings. 

Eecor-'endations  end  conclusions  based  on  the  results  of  the  program. 


Ti;o  objeccivos  of  the  engineering  program  were  used  for  defining  the 
separate  tarshs  chroi\ologlcally,  and  for  maintaining  schedule  control. 
Oivjenisationally,  however,  the  work  was  divided  into  four  distinct  area* 
of  effort; 


A.  Aerothonrodynamic  Analysis 

B.  Optical  Analysis  and  Tests 

C.  l/uuiinooity  Test 

D.  Structural  Design 

In  collating  the  results  of  the  program,  these  organizational  subdivision* 
provide  a  clearer  perspective  of  the  overall  research  than  does  the  chrono¬ 
logical  outline,  and  the  technical  portion  of  this  report  will  be  subdivided 
accordingly. 
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Section  JW 


iffiKXEBERMOinnAMIC  i«ALTB18 


Tlie  tberoetleal  vozk  done  hf  Vldym,  Jbc,,  Reforenees  1  and  2,  and  others 
has  provided  tentative  data  on  esqpected  flov  cbaraeterlstica  in  the  Tlelaitj 
of  an  aircraft  cfsaera  vlndov,  and  on  effects  of  the  presence  of  the  honndazy 
layer  and  shock  vave  on  photogn^hic  quality.  It  is  the  pnxpoee  of  the  pre¬ 
sent  voxk  to  siqiply  store  definitive  Infoxeatlon. 

A  literature  search  vas  conducted  to  provide  hackground  for  this  study* 
The  range  of  interest  vas  divided  into  two  general  rralns^  namely,  the  hyper¬ 
sonic  region  sitiove  M  3*0  (M  is  used  in  this  report  to  indicate  Mach  nusdter) 
and  the  supersonic  reglaie  belov  M  5*0.  The  requirements  for  operation  helov 
M  3*0  are  not  ::oncemed  with  structural  and  material  temperature  limits,  hut 
rather  vith  tlie  thexmal  distributions  and  environoent  vhich  cause  distortion 
and  resolution  problems  in  the  caoiera  window.  The  hypersonic  regiise  has 
another  order  of  problems  which  stem  from  the  thermal  limits  of  the  materials 
involved  as  well  as  the  hi^ily  excited  state  of  the  thermal  environment  along 
the  surface  of  the  vehicle  outside  of  the  window.  The  theoretical  analysis 
vas  directed  largely  toward  the  hypersonic  problems,  since  this  area  is  not 
as  well  defined  and  appears  to  lupose  severe  structural  and  tenperature  limi¬ 
tations  on  materials,  as  well  as  exhibiting  a  hi£^- tenperature  flow  field. 

Two  sjieclfic  areas  of  study  were  pursued,  namely,  (l)  siuple  isethods  of 
aerodynamic  protection  of  the  camera  window,  and  (2)  calculation  of  the  tern- 
I>erature  distribution  throu^  a  dlathermanous  material.  A  dlathermanous 
material  allows  radiation  exchange  directly  to  and  from  points  within  the 
material.  In  the  case  of  an  opaque  material,  on  the  other  haxid,  the  radia¬ 
tion  exchange  is  assuiaed  to  be  solely  a  surface  Amction. 

IVo  msthods  of  aerodynazsic  protection  have  been  considered.  These  are 
(l)  separatiGa  (by  means  of  a  cavity),  and  (2)  expansion  of  the  flow  over  the 
window  outer  surface.  The  calculated  environmental  conditions  consider  a 
re-entering  vehicle  wing  with  trajectories  at  two  engles  of  attack,  for  two 
locations  on  the  assuiaed  vehicle,  for  both  laminar  and  turbulent  flow.  It 
is  expected  that  the  major  points  of  Interest  are  thereby  epproximated,  and 
an  estimate  of  the  magnitude  of  importance  of  the  location,  expansion  or 
separation  surface,  and  type  of  flow  can  be  made.  Other  effects,  siich  as 
the  temperature  distribution  through  an  edge  mount,  the  heat  load  to  the 
concra  compartment,  and  the  effect  of  an  opaque  window  versus  a  dlathermanous 
window  are  also  considered.  The  data  -presented  compare  the  aerodynamic  con¬ 
ditions  vhich  may  be  expected  for  the  trajectories  selected.  The  condition 
of  tmrbulent  flow  at  one  foot  aft  of  the  nose  is  an  unrealistic  condlti<». 
fovever,  this  curve  is  included  in  order  to  cocplete  the  map  of  conditions. 

It  is  thus  assumed  that  the  actual  flow  conditions  are  contained  within  the 
bounds  of  the  condltlcms  plotted.  The  effects  of  ejqianslon  on  the  window 
surface  hove  been  analyzed  by  comparing  the  cooputed  heating  rates  with 
various  eiipansion  angles  during  a  hypersonic  re-entry  trajectory. 
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TRAJECTOBY  SELECTZQV 


Three  haslc  trajectories,  covering  a  vide  range  ot  vehicle  perfomanra, 
vere  selected  for  study: 

1.  S\q;>ersonic  flight  at  sea  level 

2.  Ryx>ersonlc  flight  at  hi|^  altitude 

3 .  Rypersonlc  re-entxy 

Trajectories  2  and  3  vere  further  subdivided: 

2A.  X-15  aircraft,  flight  #2-21  (hic^-speed) 

2B.  OVplcal  X-1^  high-speed  flig^ 

2C.  ^^plcal  X-1^  hl^-altitude  fli^it 

3A.  High  angle  of  attack  hypersonic  re-entry 

3B.  Lov  angle  of  attack  hypersonic  re-entry 

Altitude-velocity  curves,  defining  the  five  trajectories  cone  shown  in  Figure  1. 
Typical  teraperatiire-tlme  histories  for  these  trajectories  are  given  in  Figure  2. 

Several  Impoxt^ant  flight  parazneters  for  trajectory  #1  are  given  as  func¬ 
tions  of  titne  in  Figure  3:  These  include: 

(a)  Altitude 

(b)  ^:ach  number 

(c)  Angle  of  attack 

(d)  Dynamic  Pressure 

(e)  Axial  load  factor 

(f)  Normal  load  factor 

Tn  this  trajectory  the  convective  heating  rate  and  net  heating  rate.  Figure  h 
and  5  respectively,  are  characterized  by  a  single,  quick  inpulse  of  heat 
flux  followed  by  a  long  period  during  which  the  heating  rates  are  very  snail. 

Two  graphs  are  shown  in  each  figure,  corresponding  to  two  different  points  on 
the  fuselage,  one  at  the  nose  and  the  other  one  foot  aft  of  the  nose.  Ibeznal 
emlssivltles  of  0.80  vere  assumed  for  the  skin  material  in  each  case.  Calcula¬ 
ted  skin  temperatures  (asstuning  a  thin  skin)  for  each  of  the  tvo  locations 
selected  are  given  in  Figure  6.  At  the  front  of  the  vehicle  the  teoperatuxe 
levels  off  at  about  97^  F,  while  at  a  position  one  foot  aft  of  the  nose  the 
temperature  is  down  to  87O  F. 

Temperature-tire  histories  for  a  fused  silica  photographic  vlndov  during 
trajectory  ;>!  were  caJ.culated,  and  are  shown  in  Figure  7*  OTje  wlndov  is 
assumed  to  be  one  foot  aft  of  the  nose,  and  its  thermal  properties  are  assuaed 
to  be  equivalent  to  an  opaque  material.  This  particular  wlndov  is  I-I/2  inches 
thick,  and  is  mounted  with  a  colxamblxzm- Inconel  X  edge  attachment.  Indmc 
numbers  on  the  curves  In  the  upi>er  chart  correspond  to  relative  locations 
inside  the  vlndov  and  mount,  as  indicated  in  the  lover  schematic  diagram.  It 
is  seen  that  the  outer  surface  of  the  glass  never  reaches  a  temperature  higher 
than  830  F,  but  a  portion  of  the  metal  cxnmt  may  go  considerably  hl^er.  n>e 
tcCT^erature  gradient  throxigh  the  vlndov  can  be  determined  from  cxirves  1,  2, 

4,  and  7  of  this  figure.  It  varies  considerably  with  time,  decreasing  as 
the  inner  portions  of  the  glass  absorb  beat. 
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Flight  parameters  for  X-I5  hl^-8i)eed  flight  #2-21  (trajectory  2A 
in  this  report)  have  been  Included  for  Information  purposes.  Figure  8 
through  11.  The  parameters  are  all  given  as  functions  of  time,  and 
Include : 

Ia)  Altitude 
bJ  Mach  number 
cj  Angle  of  Attack 
dJ  Dynamic  pressure 
e)  Longitudinal  acceleratioa 

(f)  Normal  acceleration 

(g)  Local  pressure  coefficient 
(nose  and  six  feet  sift) 

(h)  Net  heating  rate 

(nose  and  six  feet  aft) 

(1)  Skin  teoq[>eraturo 

(nose  and  six  feet  aft) 

Skin  temperature  at  a  point  six  feet  aft  of  the  nose  rises  steadily  to  about 
900  F  In  a  matter  of  minutes,  then  drops  rapidly  as  the  aircraft  velocity  is 
reduced. 

The  flight  parameters  (Figure  8)  for  the  actual  X-I5  high-speed  flight 
have  been  smoothed  In  Figure  12  to  define  a  typical  hlgh-si>eed  flight, 
trajectory  2B.  These  data  can  then  be  used  to  calculate  temperature -time 
histories  of  various  points  within  a  window,  as  was  done  previously  for  the 
supersonic,  sea  level  traJectoi*y  #1  (Figure  7)*  Two  thlciuiesses  of  vindoir 
are  considered,  3/8  inch  and  1-1/2  inches.  Figures  13  nnd  l4  respectively. 
Each  of  the  windows  is  considered  to  be  thermally  opaq.ue,  and  located  12  feet 
aft  of  the  nose.  Tne  window  mount  Is  similar  In  configuration  to  that  of 
the  vehicle  in  trajectory  #1  (Figure  j) ,  except  that  titanlvun  can  be  used 
at  the  lower  temperature.  It  Is  seen  that  neither  window  ever  reaches  a 
temperature  above  350  F  at  the  outer  sxirface.  It  Is  also  obvious  that  the 
temperature  gradient  through  the  thicker  window  is  much  less  uniform  than 
that  of  the  thinner  window,  as  would  be  expected. 

Flight  parameters  for  a  typical  X-I5  high-altitude  flight  are  presented 
In  Figures  15  through  I8,  and  Include: 

(a)  Altitude 

(b)  Ihich  number 

(c)  Angle  of  attack 

(d)  I>ynamlc  pressure 

(e)  Normal  acceleration 

(f)  Local  pressure  coefficient 
(two  locations) 

(g)  Net  heating  rate  (two  locations) 

(h)  Skin  temperature  (two  locations) 
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The  two  locations  on  the  aircraft  considered  here  are  about  six  feet  aft 
of  the  nose  and  the  ventral  leading  edge.  Hie  sudden  Increase  In  skin  tem- 
X>erature  at  300  seconds  Is  due  to  an  Increase  In  velocity  at  a  lover  alti¬ 
tude. 


The  above  data  were  all  calculated  utilizing  perfect  gas  relationships. 
Ihese  are  considered  reasonably  satlsfactozy  for  trajectories  1  and  2,  but 
are  not  realistic  enoiigh  for  the  hypersonic  re-entries  (trajectories  3A  and 
3B).  In  trajectories  3A  euid  3B  real  gas  relationships  are  used  In  order  to 
provide  data  which  should  more  closely  describe  the  actual  local  conditions 
on  the  vehicle  sturfaces  In  question.  The  figures  axe  Identified  according 
to  the  method  used.  The  code  TSTP  Indicates  Transient  Skin  Teaq>erattxre 
Program  (perfect  gas)^  Reference  6.  The  code  HASTE  refers  to  Hypersonic 
and  Supersonic  Temoerature  Evaluation  Program  (real  gas).  References  7  and 
14. 

Flight  parameters  for  trajectories  3A  and  3B  are  given  In  Figures  19 
and  20.  Both  trajectories  are  considered  to  have  a  constant  angle  of  attack, 
one  being  nominally  high  (50  degrees)  and  the  other  low  (15  degrees).  Tlxe 
50  degree  re-entry,  trajectory  3A,  Is  subject  to  heating  conditions  over  a 
time  period  only  half  as  long  as  trajectory  3B,  and  therefore  the  heating 
problems  are  not  as  severe.  T^^lcal  temperature-time  curves  to  llliistrate 
this  were  shown  In  Figure  2. 

Trajectories  3A  and  3B  are  further  subdivided  by  location  of  the  point 
of  interest  on  the  vehicle,  and  according  to  whether  laminar  or  turbulent 
boundaiy  layer  flow  is  being  considered.  Thus  3AL6  refers  to  a  point  six 
feet  aft  of  the  nose,  with  laminar  flow.  In  trajectory  3A  (50  degree  angle 
re-entry).  Similarly,  3BT1  refers  to  a  point  one  foot  aft,  with  turbulent 
flow.  In  the  15  degree  angle  re-entry.  In  the  following  paragraphs  these 
variations  are  discussed  in  detail. 


ITiCIDEOT  KEAT  FLUX  TO  THE  WINDOW 
P.ffcct  of  Window  Location 

Tlie  effect  of  window  location  along  the  vehicle  surface  may  be  con¬ 
sidered  by  referring  to  Figure  21,  which  Is  a  graph  of  convective  heating 
rates  resulting  from  Ipjninar  and  turbulent  flow,  one  foot  aft  and  six  feet 
aft,  in  the  3A  trajectory  (50  degree  angle  of  attack).  It  is  observed  that, 
for  both  the  la~inar  and  the  turbulent  condition,  the  heating  rate  Is  con¬ 
siderably  less  at  the  locations  farthest  from  the  nose.  Locating  a  photo¬ 
graphic  window  as  far  aft  as  possible,  therefore.  Is  of  obvious  benefit, 
particularly  in  the  case  of  laminar  flow  where  a  reduction  of  more  than  50 
percent  can  be  achieved  by  locating  the  window  at  the  six-foot  position 
instead  of  the  one-foot  position.  As  may  be  expected  when  the  Reynolds 
nimber  is  sufficiently  low,  the  maximum  heating  rate  for  turbulent  flow 
is  less  than  that  of  the  laminar  at  one  foot,  but  is  considerably  more  them 
the  laminar  at  six  feet. 
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nie  3B  trajectories  show  a  considerably  different  trend  In  the  time 
at  which  peak  heating  occurs.  Referring  to  Figure  1  the  3B  trajectory  Is 
at  much  lower  altltxides  for  equivalent  Mach  numbers.  During  the  early  part 
of  the  3B  trajectory.  Figure  22,  the  one-foot  aft  location  with  laminar  flow 
Is  subjected  to  the  highest  heating  rate,  as  In  the  3A  trajectory.  But, 
since  the  3B  trajectory  Is  much  longer  In  duration,  and  the  peak  heating 
occurs  at  a  lower  altlttide  (and  higher  Reynolds  number),  the  t\irb\ilent  flow 
soon  produces  a  higher  rate  than  the  laminar  flow.  This  Is  true  for  both 
locations.  The  maximum  heating  rate  In  the  3B  trajectory  is.  In  all  cases, 
higher  than  that  In  trajectory  3A. 

Effect  of  Air  Expansion 

As  stated  before.  Figures  21  and  22  show  a  summary  of  theoretical  com¬ 
parisons  between  heating  rates  at  two  locations  for  two  flow  conditions.  In 
two  trajectories.  ^Ihe  vehicle  nose  xadlus  Is  considered  to  be  7*5  Inches  at 
zero  sweep  angle.  Hie  six  foot  aft  location  Is  most  pertinent  to  possible 
photographic  window  locations.  Only  the  downward-looking  surface  was  con¬ 
sidered.  In  the  paragraphs  that  follow,  angles  of  expansion  are  listed 
with  reference  to  a  zero  angle  such  that  the  surface  of  interest  Is  parallel 
to  the  vehicle  centerline. 

Irfvalnar  Plow  Region 

Convective  heating  rates  versus  time  are  presented  in  Figure  23  for 
various  angles  of  expansion  from  minus  ten  degrees  to  plus  30  degrees.  The 
-10  degree  angle  Is  included  In  order  to  extend  the  study  to  a  point  on  the 
vehicle  which  may  be  oriented  at  +10  degrees  angle  of  attack  when  the  vehicle 
centerline  Is  parallel  to  the  direction  of  flow.  This  Is  represented  as  a 
negative  expansion  angle.  From  Figure  23  it  is  evident  that  expansion  angles 
of  more  than  ten  degrees  result  in  a  significant  reduction  in  the  convective 
heating  rate.  The  same  effect  Is  evident  at  the  six  foot  aft  location. 

Figure  24.  These  are  controlled  expansions,  not  separation. 

Chapman,  Reference  9f  has  provided  a  theoretical  analysis  of  heat  trans¬ 
fer  In  regions  of  separated  flow.  The  paper  by  Laison,  Reference  8,  supplies 
data  for  correlation  of  Chapman's  theory  for  laminar  flow  separation  heat 
transfer.  This  analysis  indicates  a  theoretical  reduction  of  approximately 
44  percent  for  two-dimensional  bodies,  and  is  apparently  independent  of  the 
temperature  of  the  surface  area  beneath  the  separated  boundary  layers.  The 
investigation  of  Charwat,  Reference  10,  concurs  with  the  results  reported 
by  Leirson  for  laminar  flow  if  the  boundary  layer  up-stream  of  the  cavity  is 
thin.  Conx>arison  of  this  reduction  of  ^^4  percent  in  heat  fl\ix  due  to  laminar 
region  separation  with  that  theoretically  available  from  controlled  expansion 
is  of  Interest.  The  theoretically  available  reductions  for  controlled  exi?an- 
sion  depend  upon  the  assumption  that  the  flow  will  follow  the  expansion  angle 
without  separation.  The  expansion  rngles  plotted  are  either  parallel  to  or 
"see"  the  oncoming  flow.  They  are  not  l7rGer  than  the  angle  of  attack  of 
the  vehicle.  This  would  tend  to  stabilize  the  flow  and,  therefore,  make 
separation  less  likely. 


By  referring  to  Figure  23  It  Is  seen  that  a  30  degree  expansion  angle 
Is  not  sufficient  to  produce  a  ^  percent  reduction  In  maxlnum  heat  flux, 
and  so  this  angle  of  expansion  Is  not  as  efficient  as  a  complete  separation 
of  flow.  It  Is  estimated  from  cross  plots  that  an  angle  of  approximately 
33  degrees  would  be  required,  for  both  the  one-foot  and  six-foot  position 
In  the  3AL  trajectory,  to  provide  protection  equal  to  that  provided  "by 
separated  flow  regions.  Whether  the  controlled  expansion  can  provide  even 
more  protection  than  the  fully  separated  region  remains  to  be  Investigated. 

The  heating  rates  calculated  for  the  3B  trajectory  with  laminar  flow 
are  given  In  Figures  25  and  26  for  the  one-foot  and  six  foot  position.  For 
this  trajectory^  with  an  angle  of  attack  of  15  degrees,  an  expansion  angle 
of  only  ten  degrees  provides  a  relatively  large  amount  of  protection.  The 
heating  rates  are  reduced  by  approximately  40  percent.  At  the  six-foot 
location  an  expansion  angle  of  15  degrees  theoretically  provides  the  same 
amount  of  thermal  .protection  as  that  which  would-be  expected  from  a  cavity 
with  complete  flow  separation. 

Tixrbulent  Flow  Region 

The  data  of  Charwat  et  al.  Reference  10,  concludes  that  the  turbulent 
heat  transfer  to  a  cavity  Is  a  function  of  the  boundary  layer  thickness  of 
the  Incoming  stream.  If  the  boundary  layer  is  thin  (less  than  the  depth 
of  the  cavity),  the  heat  transfer  Is  reduced  by  a  factor  of  approximately 
two.  If  it  is  thick,  the  heat  transfer  can  even  be  Increased.  Hie  effect 
of  the  expansion  angle  when  the  flow  Is  txirbulent  Is  shown  In  Figures  27 
and  28,  again  for  a  one-foot  and  a  six-foot  location,  3A  trajectory.  It 
Is  quite  unlikely  that  the  flow  would  be  turbulent  at  the  one-foot  location 
during  the  re-entry  time  of  Interest.  However,  this  one-foot  turbulent 
study  shows  approximately  the  same  effectiveness  In  reducing  convective 
heat  flux  to  the  sxirface  as  that  of  the  six-foot  location.  Therefore, 
the  effectiveness  may  be  assumed  to  be  nearly  constant  at  any  location 
between  one-foot  and  six-feet  aft. 

Similar  charts,  for  the  3B  trajectory,  cure  shown  in  Figures  29  and  30» 
The  same  general  trend  observed  In  the  3A  trajectory  Is  also  evident  here. 

It  is  interesting  to  note  that,  in  the  15  degree  an^e  of  attack  trajectory 
3B,  a  negative  expaiision  angle  shows  an  Increased  heating  rate,  as  would 
be  expected.  Figures  25,  29,  and  30»  But,  In  the  50  degree  tr^ectory  3A, 
a  negative  expansion  angle  shows  a  lower  heating  rate  than  a  zero  angle 
(where  the  window  is  flush  with  the  moldline).  Figures  23,  27,  and  28.  This 
may  be  a  result  of  the  particular  calciilatlon  methods  which  were  selected, 
since  the  very  large  angle  of  attack  combined  with  an  additional  expansion 
angle  places  tl.e  window  at  an  angle  of  60  degrees  to  the  oncoming  flow.  A 
reduction  in  calculated  local  velocity  on  the  surface  at  this  extreme  cuigle 
would  probably  account  for  the  reduced  heating  rate. 

Conclusions 


The  first  order  of  importance  In  window  protection  Is  the  location  of 
any  photographic  window  as  far  aft  as  would  be  practiced..  The  next  order 
of  importance  is  to  maintain  laminar  flow  over  the  surface,  if  possible. 
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A  controlled  o^cranslon  flow  wonld  have  on  advantoo®  over  separated  flow  In 
that,  should  the  flow  becoie  turbulent,  a  st:a,ll  angle  of  expansion  is  quite 
effective  in  reducing  heat  flux  to  the  window.  This  is  especially  true 
during  the  low-angle  re-entry  (33),  which  requires  a  greater  acioxmt  of  pro¬ 
tection  over  a  longer  period  of  time  than  the  high-angle  re-entry  (3A) 
trajectory.  If  the  window  could  be  made  variable  in  angle,  to  keep  it  more 
nearly  parallel  to  the  groiind  at  all  times,  \^ndow  heating  rates  could  be 
maintained  at  a  more  constant  level. 


OUTSIDE  SURFACE  PRESSURE  ON  WIIfDOW 

Local  pressures  were  computed  by  a  modification  of  Creager's  method 
Reference  11,  which  includes  blast  wave  and  boundary  layer  convections. 

The  adequacy  of  this  method  for  describing  the  actual  situation  is  discussed 
in  Reference  l4.  The  following  calculated  results  were  obtained. 

The  effect  of  location  of  the  window  upon  the  local  pressure  along  the 
wing  surface  is  shown  to  be  negligible,  within  the  considerations  of  this 
study.  This  nay  be  seen  by  comparison  of  BALl^R  and  3AL62H  in  the  left  hand 
chart  of  Figure  31 • 

The  effect  of  local  expansion  angle  upon  this  local  pressure  is  con¬ 
siderably  more  pronounced,  as  seen  in  the  right  hand  chart  of  the  same 
Figure  31*  These  curves  show  local  pressure  vs.  time  at  a  point  six  feet 
aft  of  the  nose,  in  a  laminary  flow  3A  trajectory.  The  pressure  may  be 
theoretically  reduced  to  one- fifth  the  flush  value  by  using  an  expansion 
angle  of  30  degrees.  The  same  effect  holds  tarue  for  the  laminar  33  trajec¬ 
tory,  Figure  32.  The  effect  of  expansion  is  even  more  pronounced  in  this 
trajectory.  In  addition,  it  is  advantageous  to  place  the  window  as  far  nft 
as  possible,  as  seen  by  comparison  of  the  one-foot  and  six-foot  pressure 
curves  in  the  left-hand  chart  (Figure  32). 


te:tera-i;?-s  of  ’..i.'zow 


•■!axi'-r  n  heat’' mg  ra^cc  ?nd  window  te-.;pcr?.tures  for  h:,'personic  rc-ontry 
trajectories  .-A  and  33  have  beer,  tabulated  for  convenience  in  Table  1.  The 
most  likely  window  locations  are  aft  of  the  one- foot  condition.  The  flow 
at  one  foot  aft  would  not  be  expected  to  be  turbulent  for  the  re-entry  condi¬ 
tions  considered.  Pi:t  these  data  do  allow  an  estimte  of  the  limitations 
that  must  be  exercised  upon  the  vehicle  flight  path  in  order  to  keep  the  local 
window  t'  i.peratvres  from  becoming  excessive. 


Tne  <3 at  a  in  Table  I  Indicate  that  the  longer  duration,  low  angle  of 
attack  re-entry  trojectory  (33)  is  characterized  by  a  much  higher  heat  flux 
and  higher  maxirroia  window  temperature  than  the  shorter  duration,  high 
angle  trajectory  (3A).  The  temperature  of  an  unprotected  diathera^anous 
window  re-entering  along  a  3B  trajectory  would  theoretically  reach  a  tem¬ 
perature  above  the  nominal  limit  of  2000  F  which  is  considered  to  be  the 
ma-xinrum  safe  temperature  for  fused  silica  in  this  study.  Tnis  maximun 
tc.npcrature  may  be  reduced,  theoretically,  by  locating  the  window  at  a  ten 
degree  expansion  angle.  In  Table  I,  32T63  is  a  ten  degree  surface,  emd  the 
maximum  window  temperature  is  less  than  1600  P. 
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Because  of  the  loncer  machine  time  required  to  run  the  dlathermanovia 
analysis,  the  aerodynamic  comparisons  were  made  with  an  opaque  glass 
analysis.  It  is  expected  that  the  approximate  relationships  between  the 
opaque  and  the  dlathermanoxis  methods  of  analysis  would  hold  true  throiif^- 
out  the  whole  spectrum  of  this  study.  Therefore,  direct  comparisons  have 
been  made  for  a  minimum  n\2mber  of  dlathermanous  calculations.  The  diather- 
manoiis  temperature  analysis  machine  program.  Reference  7,  was  based  on  the 
theory  of  Gordon,  Reference  13- 

Hi^  Angle  Re-entry 

Typical  temperature-time  distributions  through  an  opaque  fused  silica 
window  are  given  for  the  3A  trajectory.  Figures  33>  3^>  and  35*  Ihese  are, 
respectively,  laminar  one-foot,  laminar  six-foot,  and  turbulent  one-foot 
flow  conditions .  The  schematic  window  mounting  shown  is  similar  to  that 
assumed  for  the  supersonic,  sea  level  trajectory.  In  each  of  the  figures, 
the  temperature  gradient  through  the  glass  is  seen  to  Increase  with  time 
\intil  3000  seconds  after  start  of  re-entry,  at  which  point  the  vehicle 
velocity  is  reduced  to  M  10.  The  outer  siirface  temperatures  for  these  three 
trajectories  have  been  replotted  in  Figure  36^  together  with  data  for  the 
turbulent  six-foot  flow  condition.  The  same  trends  noted  for  the  heating 
rates  are  reflected  in  the  computed  temperatures.  For  further  comparison, 
a  crossplot  of  temperature  vs  window  location  has  been  drawn  for  both 
laminar  and  turbulent  flow.  Figure  37.  Again,  it  is  obvious  that  window 
temperature  can  be  reduced  by  locating  it  as  feir  aft  of  the  nose  as  Is 
practicable. 

The  effect  of  expansion  angle  on  window  surface  temperature  is  illxis- 
trated  in  Figure  38#  which  is  typical  of  the  data  that  could  be  plotted  for 
each  flow  condition  and  surface  location.  This  particular  graph  is  for  a 
six-foot  aft  position,  with  turbulent  flow.  The  effect  of  expansion  angle 
upon  Esximum  window  teniperature  for  other  flow  conditions  may  be  detexinined 
from  Table  I. 

A  more  graphic  presentation  of  the  effectiveness  of  expansion  angle  in 
reducing  window  temperature  is  given  in  Figure  39*  Here  the  reference  is 
a  flush  window,  and  reductions  in  temperature  are  plotted  with  time,  for 
various  expansion  angles.  A  rather  large  expansion  angle  (30  degrees)  is 
rcc’iirod  to  produce  an  appreciable  amount  of  thermal  protection.  This  chart 
is  for  a  3.\-o  condition  (txirbulent  flow,  six  feet  aft).  A  crossplot.  Figure 
^0,  shows  t:..j  cri'cctivcness  of  expansion  angle  for  other  flow  conditions,  at 
!:i;e  time  of  rra:<imum  window  temperature.  The  four  curves  were  derived  for 
opoque  windows.  The  single  point  below  the  curves  illustrates  the  effective¬ 
ness  of  exransion  angle  for  a  dlathermanous  window.  The  protection  appears 
to  be  greater  for  ti.e  diathermanous  window,  but  it  should  be  noted  that  the 
ra-xinrnm  surface  temperatures  are  higher  for  diatherGianous  than  for  opaque 
windows,  os  will  be  seen  presently. 

T:.'pical  temperature-time  distributions,  calculated  one-dltnensionally 
t;.r.'‘n\ph  a  diath.  xmanous  window,  are  shown  in  Figures  U^l,  42,  zmd  43.  These 
arc,  resp-_otively,  turbulent  flow  with  flush  window,  turbulent  flow  with  a 
30  degi'cc  expansion  angle,  and  laminar  flow  with  flush  window.  Figure  43  is 
directly  cor.roarablc  with  Figure  3^#  which  represents  the  same  conditions  except 
with  a  the:*mally  opaque  window.  The  window  temperatures  derived  from 
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dlathermanoxis  calculations  are  some  200  F  higher.  A  crossplot  of  Figures 
kl  and  k2  is  given  In  Figure  kh,  vhere  typical  temperature  distributions 
through  the  vindov  are  shown  at  (l)  the  time  of  maximum  temperature  differ¬ 
ence,  and  (2)  the  time  of  maximum  siirface  temperature,  for  both  fl\ish  and 
30  degree  expansion  angle  conditions.  As  additional  information.  Figure  U5 
cooqpares  the  temperatxues  of  diathermanoiis  and  opaque  windows  directly. 

In  all  cases  the  diathermanous  is  hotter. 

Low  Angle  Re-entry 

IVpical  temperature-time  distributions  through  an  opaque  fused  silica 
vindov  are  given  for  the  3B  trajectory.  Figures  46,  47,  and  48.  These  €0^, 
respectively,  laminar  one-foot,  laminar  six-foot,  and  turbulent  one-foot 
flow  conditions.  Ihe  equivalent  graphs  for  the  3A  trajectory  are  Figures 
33#  34,  and  35*  In  each  of  the  figures  the  temperature  gradient  is  seen 
to  increase  with  time  until  6OOO  seconds  after  re-entry.  The  outer  surface 
temperatures  for  these  three  trajectories  have  been  plotted  in  Figure  49, 
together  with  data  for  the  tiurbulent  six-foot  flow  condition. 

The  effect  of  location  along  the  surface  is,  in  this  trajectory,  quite 
similar  to  that  of  the  3A  trajectory.  As  shown  in  Figure  30  the  maximum 
vindov  temperature  becomes  lower  as  the  location  of  the  window  is  moved  aft. 
Here,  however,  the  two  curves  never  cross. 

The  effect  of  local  expansion  angle  upon  temperature  difference  at 
maximum  temperature  is  shown  in  Figure  51  •  As  mentioned  before,  the  dia¬ 
thermanous  calculations  would  indicate  a  soonewhat  greater  effectiveness  than 
the  opaque  calculation,  but  this  shoiild  be  weighted  against  the  higher  itaxl- 
muffl  temperature  of  the  diathermanous  window.  The  completely  different  shape 
of  the  curves  for  this  trajectory  (compare  Figure  40  for  the  other  trajec¬ 
tory)  is  due  to  the  greatly  different  angle  of  attack.  In  this  trajectory 
an  increase  in  the  angle  serves  to  Increase  the  velocity  and,  therefore,  the 
heating  rate  to  the  surface  is  also  raised.  The  negative  expansion  angle 
produces  the  same  effect.  In  the  3A  trajectory  with  its  50  degree  angle 
of  attack,  on  the  other  hand,  an  Increase  in  angle  only  brings  the  surface 
in  question  to  on  angle  which  is  closer  to  the  stagnation  region.  (The 
model  under  consideration  is  a  two-dimensioned,  blunt  wing  of  constant  radius.) 
The  result  is  a  greatly  reduced  local  velocity  which,  in  turn,  reduces  the 
heat  transfer  rate. 

The  temperature-tixe  distribution  through  a  dlathenranous  window,  six 
feet  aft,  with  turbulent  flow,  is  given  In  Figure  52.  The  window  is  flush  with 
the  moldllne.  At  the  time  of  peak  temperature  (2100  f)  the  temperature 
difference  through  the  window  is  approximately  550  F.  As  shall  be  proved 
in  subsequent  sections  of  this  report,  photography  through  such  a  window  is 
almost  iapossible.  The  point  to  be  made  in  Figure  52  is  that  the  thermal 
enArironoent  is  so  seveie  that  the  structural  integrity  of  the  window  would 
be  extremely  difficult  to  maintain,  without  protection.  Fortunately,  such 
protection  is  feasible,  by  means  of  cont rolled-expansion  flow.  Figure  53 
shows  the  remarkable  reduction  in  temperature  that  can  be  achieved  by 
tilting  the  window  to  produce  a  ten  degree  expansion  angle.  The  outer 
surface  temperature  is  reduced  by  some  530  F,  the  inner  by  340  F.  The 
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tenmrature  dlfTerence  throu^  the  vlndov  is  reduced  "by  1^0  F  (30  percent), 
nils  inqproreinent  nay  not  he  sufficient  to  guarantee  good  iAotogrc^)h8,  hut 
the  structural  prohleas  hare  heen  dlninished  significantly. 

A  direct  coopcurison  of  the  instantaneous  dlstrihution  throued^  the  glass, 
at  the  tines  of  naxlnnin  teiiq;>erature  and  maximua  teii^rature  difference,  is 
presented  in  Figure  3^,  for  hoth  a  flush  vlndov  and  a  ten  degrr.'e  expansion 
angle  (cf.  Figure  ^  for  equivalent  data  on  trajectory  3A)-  Using  the  sane 
location,  six  feet  aft,  hut  vlth  laninar  instead  of  turlmlent  flov,  dlstri* 
hutions  through  a  diathermanous  vlndov  are  given  for  various  specific  tines 
after  start  of  re-entry  in  Figure  33.  These  are  shown  in  cooparlson  vith 
opaque  vlndov  data,  so  that  the  difference  in  the  tvo  eoaqnxtational  nethods 
nay  he  flq>prai8ed.  Figure  33  illustrates  quite  readily  the  greater  teif>era- 
txue  difference,  lower  naxlimm  temperature,  and  linear  teaperature  distrl- 
hutlon  at  equillhrium,  all  of  which  are  characteristics  of  the  opaque  method 
of  calculation. 

Thermal 

The  time  lag  of  temperature  rise  in  various  parts  of  the  vlndov  can  he 
grossly  evaluated  hy  cooparlson  of  teoperature-time  distrlhutlons  as  shown 
in  Fif^ure  U3.  A  special  machine  run  was  made  to  evaluate  this  lag  for  a 
specific  set  of  conditions.  Both  the  opaque  and  the  diathermanous  window 
were  assumed  to  he  normalized  at  6OO  R  and  instantly  subjected  to  a  heating 
rate  of  4.23  BlU/sec  ft^.  This  approximates  the  maximum  heating  rate  of 
the  SAUS  trajectory.  The  outside  surface  temperature- time  histories  and 
instantaneous  distrlhuticxis  through  the  glass  at  1000  seconds  and  3UUU 
seconds  are  shown  in  Figure  43.  In  neither  ease  can  the  distribution  throui^ 
the  diathermanous  window  he  adequately  described  hy  the  opaqtie  analysis. 

The  outstanding  characteristics  of  the  opaque  analysis  eore  internal  lag  at 
the  1000  second  mark  and  straight-line  equilibrium  teoperatures  at  the  3U0O 
second  mark.  The  diathermanous  calculation  shows  a  steeper  temperature 
gi'cdlent  at  each  surface  in  hoth  cases,  and  still  presents  a  lower  over-all 
temperature  diffei^nce.  The  maximum  outer  surface  tenperature  of  the  dia¬ 
thermanous  material  also  reaches  a  much  higher  value  at  stabilization  than 
the  opaque  analysis  would  predict.  This  is  explained  hy  the  fact  that  the 
opaque  analysis  neglects  the  radiant  exchange  of  energy  within  the  material 
itself. 


C0!-!?ARTi4Eirr  HEAT  TRANSFER 


The  machine  program  written  for  this  study  made  provision  for  the 
investigation  of  various  methods  of  cooling  the  inner  surface  of  the  window. 
These  investigations  were  not  pursued,  because  of  budget  limitations.  How¬ 
ever,  sofloe  understanding  of  the  relative  ioportance  of  such  a  stiidy  may  he 
obtained  hy  observing  the  effectiveness  of  controlled  expansion  flov  on 
the  rate  of  heat  transfer  to  the  camera  coepartment.  Figure  3^  shows  the 
relative  transfer  rates  for  exriansion  angles  of  zero  emd  ten  degrees,  in  a 
3BT6  trajectory.  It  is  seen  that  the  heat  transfer  rate  is  reduced  hy 
more  than  30  percent,  diiring  the  entire  trajectory,  when  the  ten  degree 
exiiansion  is  utilized. 
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CONCLUDING  RE34ARK3 


The  analysis  presented  here  is  an  example  of  the  type  of  ocrothermo- 
dynamic  study  which  can  be  provided  for  any  specific  vehicle.  The  machine 
programs  which  have  been  developed  are  not  restricted  to  the  conditions  con¬ 
sidered  for  this  st\idy. 

If  a  particular  vehicle  and  mission  were  specified,  a  more  definitive 
selection  of  glass  type  and  thickness  could  be  made.  The  heat  transfer  to 
the  conpartment,  and  the  weight  of  the  window,  could  be  optimized,  and  the 
reduced  temperature  gradients  would  provide  an  improvement  in  photographic 
capabilities • 

Protection  of  the  window  by  means  of  controlled  expansion  flow  has  been 
shown  to  be  feasible  on  a  theoretical  basis.  It  wouid  be  valuable  to  investi¬ 
gate  this  further  in  laboratoxy  teats. 

Protection  of  the  window  by  means  of  separated  flow  can  be  accepted 
as  feasible  for  a  laminar  flow  field,  but  the  turbulent  case  is  less  easily 
defined.  Laboratory  tests  might  be  extended  into  the  realm  of  basic  data 
on  the  effects  of  local  surface  deflections  on  heat  transfer. 

These  studies  have  been  largely  confined  to  a  blunted  two-dlnenslonal 
wing  problem.  The  specific  flow  characteristics  of  a  three-dimensional  body 
will  not  necessarily  produce  the  same  results. 
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Plguro  9  Trajectory  ?A  Local  Proosure  Coefficient  Veraus  Tims 
(H.S.  Fit.  2-21) 
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Trajectory  23  Tr-mnerature -Tlr.e  Dlatrlbutlon  Tlii'ouch  an  Opaq 
Fused  Silica  Window  3/3"  Thick  Moutitod  as  Shown  Located 
Tv;elve  Feet  Aft  on  Lov;er  Fuselage  Cent*:;rllno  (TSTP) 
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Trajectory  2C  Flight  Parameters  Versus  Time  (High 
Altitude  Flight) 


Figure  16  Trajectory  2C  local  Proasure  Coefficient  Versus  Time 
(High  Altitude  Flight) 
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Trajectory  2C  Fuselage  Thin  Skin  Temperature  Versus  Time 
(High  Altitude  Flight)  (TSTP) 
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Figure  19  Trajectory  3^  Flight  Parameteira  Versus  Time  (Angle  of 
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Figure  20  Trajectory  33  Flight  Parameters  Versus  Tin 
Attack  *»  15  ) 
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Summary  of  Trajectory  3A  Convective  Heating  Rates  Versus 
Time,  Laminar  and  Turbulent  Flow,  Compared  at  Locations 
of  One -Foot  and  Six-Feet  Aft  on  Vehicle  Lov;er  Wing  Surface 
(HASTE)  / 
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Siammary  of  Trajectory  3B  Convectlv*^  Heat  Ins  Rates  Versus 
Tlme^  laminar  and  Turbulent  Plow,  Compared  at  Locations 
of  One -Foot  and  Six-Feet  Aft  on  Vehicle  Lower  Wing 
Surface  (HASTE) 
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Trajectory  3AL1  Convective  Keating  Rates  Versus  Time 
Laminar  Flovi,  One -Foot  Aft,  on  Wing  Surfaces  at 
Various  Local  Expansion  Angles  (HASTE) 
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Trajectory  JAI/j  i^onveci>J.ve  nt:ciu4.in<,  *»C4UV,W 
Laminar  Flow,  Six-Feet  Aft,  on  Wing  Surfaces  at 
Various  Local  Expansion  Angles  (HASTE) 
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Figure  26  Trajectory  3BL6  Convective  Heating  Rates  Versus  Time, 
Laminar  Flow,  Six-Feet  Aft,  on  Wing  Surfaces  at 
Various  Local  Expansion  Angles  (HASTE) 
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Trajectory  3BL  Local  Pressure  Versus  Time,  Laralnar 
Flov^,  One -Foot  and  Six-Feet  Aft,  on  Wing  Surfaces 
at  Various  Ix>cal  Expansion  Angles 
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Figure  33  Trajectory  3AL12E  Temperature -Time  Distribution  Through 
an  Opaque  Fused  Silica  V/lndow,  1  1/2”  Thick,  Mounted  as 
Shovm,  Located  One -Foot  Aft,  Flush  with  Lower  Wing 
Surface,  laminar  Plow 
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Figure  3^ 


Tralectory  3AL62E  Temperature -Time  Distribution  Tl^ugh 
aropaque  Fused  Silica  Window.  1  1/2"  Thlclc.  Mounted  as 
Shown,  Located  Six-Feet  Aft,  Flush  with  Lower  Wing 
Surface,  Laminar  Plow 
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Summary  of  Trajectory  3A  Temperatures  versus  Time  on 
Outer  Surface  of  an  Opaque  Fused  Silica  \lir  low,  1  1/2 
Thick,  Located  One -Foot  and  Slx-Foet  Aft,  Flush  with 
Lower  V/ing  Suri*ax^,  laminar  and  Turbulent  Flow 
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Figure  37  Effect  of  Location  Along  the  Lower  Surface  Upon  the 
Maximum  Opaque  Window  Surface  Temperature  Calculated 
for  3A  Trajectory  with  Turbulent  and  Laminar  Plow 
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TraJectoiry  3AT6  Temperature  Versus  Time  on  Outer  Surface 
of  an  Opaque,  Fused  Silica  Window,  1  1/2  Thick,  Six-Feet 
Aft  on  Lower  Wing  Surface,  Turbulent  Flow,  at  Various 
Local  Expansion  Angles 
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Piirure  40  Effect  of  Local  Expansion  Angle  upon  the  i.emperax/ure 
Flsure  40  Maximum  Surface  Temperature  of  a  Fused 

Silica  Window,  1  1/2"  Thick,  During  3A  Trajectory 
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Figure 


Trajectory  3AT62D  Temperature -Time  Distribution 
Through  a  Dlathernianous  Fused  Silica  Wlndov/,  1  1/2'* 
Thick,  Ixjcated  Six-Feet  Aft,  Flush  with  Lov/er  Wing 
Surface,  Turbulent  Plow 
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^Figure  114 ^liilperatm^'Tlstllbutlon  Through  a  Dlather^ano^  Fused 
^  Silica  Window,  1  1/2"  Thick,  located  Six-teet  Aft, 

Turbulent  Flow  at  Instant  of  ^Ulximu:a  Ternperatm'e 
Difference  Through  the  V<indow  and  at  Maximum 
Tempera tiu'e  of  Outer  Surface.  3AT6  Trajectory 


/ 

;  tti'  r~  •*  J.,  ' 


: A  ytP  A 

^  r  4  ^  T  M  t.  N  T 


\.4\ 

,  V*  ’Vj' 


D 

L  OA  , 

*v  '  N  D  O  ^ 


3  i-  ^  C  <  - 


H  l  Z% 

•  .  •  •*c.t 


TrKrr.K'nnjer. 


crAoiii 


ComparlGon  of  Dlathermanous  and  Opaque  Tempo  ratine -Time 
Distx'lbutlons  Throuj^h  a  Fused  Silica  Window,  1  1/2 
Tlilck,  Exposed  zo  a  Keatiiui  Rate  of  4.2:5  BT'J/Sec  ft 
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Figure  ^7  Trajectory  3BL62E  Temperature -Time  Distribution 
Through  an  Opaque  Fused  Silica  Window,  1  1/2'* 
Thick,  Haunted  as  Shovm,  Located  Six-Feet  Aft, 
Flush  with  rxDwer  Wing  Siu'face,  Ivimlnar  Flow 
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^icure  50  Effect  of  Location  Along  the  Lovjer  Surface  Upon  the 

I^iaxtniuin  Opaque  V/lndovi»  Surface  Temperatures  Calculated 
for  3B  Trajectory  with  Tiu'bulent  and  I.amlnar  Flow 
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Figure  51  Effect  of  Local  Expansion  Angle  Upon  the  Temperature 
Difference  at  I’laxlmiun  Surface  Temperature  of  a 
Fused  Silica  Window,  1  1/2'*  Thick,  During  a  3B 
Trajectory 


Figure  52  Ti'ajectory  3BT62D  Temperature -Time  Distribution  Through 
a  Dlathermanous  Fused  Silica  V/lndow,  1  1/2'*  Thick, 
Located  Six-Feet  Aft,  Flush  with  Lower  Wing  Surface, 
Turbulent  Flow 
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Flr'iire  5”^  Trajectory  Temperature -Time  Distribution  Tiirough 

a  Dla the I’lTio nous  Fused  Silica  V/lndov/,  1  1/2  Thick, 
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KT»<W  or 


::  'V 


r-viVO 
5  I  l  tC  ♦ 


•  *  k  c  ^  t  c 

Cc-  t  ” 


CAMERA 
COMf  Aff-fMENT 


iLtr<  tssor 


.  ’’l-M 


il: :: : :  i 


milt:- 


-  J  - 


::-x:::: 


rrwoXlj:: 


iTHtcyNcss 


.v.vJs-: 

:::r4r:: 


orf- tU^yj  -K  iw:; 


::H::  ii::;:;-i  =  --::ii:-  »ii: 


FlKure  54  Temperature  Distribution  TOirough  a  Dlathermanous  Fused 
Silica  Window,  1  1/2"  Thick,  Located  Six-Feet  Aft, 
Turbulent  Flow,  at  Instant  of  Maximum  Temperature 
Difference  Through  the  Window  and  at  Maximum  Temperature 
of  Outer  Surface.  3BT6  Trajectory 
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Figure  35  Compirlson  Between  Opaque  and  Dlathermanous 

Temperature  Dlstx'lbutlons  Thi'ough  a  Fused  Silica  Window 
1  1/2  Thick,  Located  Six-Feet  Aft,  Flush  with  lower 
Wine  Surface,  Laminar  Flow  at  Given  Times  During  3BI^ 
Trajectory 


.  'XX’.imawajr I _ _ 


j;:::':  "  ■  i|| 


■  ’:r. 

-  tv/<H 
F 

‘■'S  I.- 


r!--r---/4v'TTrT7rrr....,T..h:r....:Hnn::;HiL;:..  J:!:;!:;:;: 


:::r:rr*  ^v;>vy'~~  T-' 

{-y},,--:. 

i’:-:!:: 

ttt*-***  *t*.t***  -  '1'*'*!'  ,  XTtI . . 

********  *'***T*.-  '_*****!',  '■ 


::r:i  •••;;•; 


1 , .  ■ ; : : ; 


:::::  ^ 


^  -  ;  ■  f  •  '  '  f 

I  ■  I  :axi 


1.;..  :: 


“  J 


Figure 


S^Hoal  TranTfcr  Rat:^  rpSl2^a'^i'S'ica"u5‘^d^wf  i" v"  """ 

T^ajo  tory  uUh  vandow  Klua.>  and 
at  a  Local  Expanaton  Angle  oi  10 


onftcy»<^ 


'ji'J  (■' 


■ ,.  .J 

1  cL'-T-iO-^  :y  .  »  •  '  / 


Section  ▼ 


OPTICAL  AIJALYSIS  AMD  TESTS 


SECTZON  SUMMARY 

Prevloiis  theoretical  work  yielded  tentative  predictions  of  the  amount 
of  bending  Induced  In  c.n  aircraft  camera  window  due  to  temperature  gradients 
and  pressure  differentials  arising  from  the  aerodynamic  environment.  The 
effects  of  window  curvature  on  photographic  Image  ouallty  have  also  been 
studied.  The  purpose  of  the  present  work  Is  to  verify  or  refute  the  analy¬ 
tical  predictions  on  the  basis  of  laboratory  measurements  of  the  optical 
effects  produced  by  controlled  changes  in  window  cxxrvature,  and  extend  the 
analytical  work  if  necessaiy. 

It  had  first  to  be  determined  whether  laboratory  measurements  could 
feasibly  be  utilized  as  a  valid  test  of  the  theory.  In  actual  flighty 
photographic  resolution  is  the  end  product  of  the  degrading  effects  of  a 
great  many  factors.  They  include  target  configuration,  heat  waves  emanating 
from  the  target,  atmospheric  turbulence  and  weather,  air  turbulence  near  the 
aircraft,  structural  properties  and  temperature  of  the  window  Itself,  camera 
compartment  environment,  camera  design,  film  characteristics,  and  exi>erlence 
and  Judgment  of  the  photointerpreters,  to  name  a  few.  In  the  laboratory, 
the  attempt  is  made  to  keep  all  parameters  except  one  fixed,  and  to  vary 
that  one  In  a  controlled  manner.  Also  the  measurement  must  utilize  a  sensor 
other  than  the  high  acutance  camera  used  in  the  aircraft,  and  the  relations 
between  the  laboratory  sensor  and  the  film-camera  sensor  must  be  clearly 
defined.  The  first  part  of  the  present  study,  therefore,  was  directed  towaM 
establishment  of  a  suitable  test  procedure,  analytical  Justification  for  this 
procedure,  and  specification  of  the  quality  required  of  the  glass  test  panels. 

The  actual  testing  was  divided  into  two  parts,  the  measurement  of  optical 
deviation  resulting  from  an  induced  window  curvature  due  to  pressure  differen¬ 
tial  and  the  measurement  of  optical  deviation  resulting  from  an  j.nduced 
curvature  due  to  a  temperature  gradient  through  the  window  along  the  line  of 
sight.  Pressure  differential  tests  were  made  by  placing  small  collimators 
inside  a  pressure  vessel  and  viewing  them  with  an  external  collimator  as 
the  vessel  pressure  was  changed.  In  these  tests  the  glass  test  panels  wer« 
held  at  room  temperature  and  with  no  temperature  gradient.  Temperature 
gradient  tests  were  made  by  subjecting  one  surface  of  the  panel  to  a  radia¬ 
tive  heat  source,  and  viewing  the  deviation  of  a  collimated  beam  as  the  tem¬ 
perature  and  gradient  were  altered.  Initial  results  showed  wide  disagree¬ 
ment  with  the  available  theory.  It  became  necessary  to  modify  the  assump¬ 
tions  used  in  the  early  analysis  to  obtain  correct  results.  This  was  accom¬ 
plished  near  the  end  of  the  project,  and  the  experimental  results  show 
qualitative  agreement  with  this  later  theory. 


DISCUSSION  OF  WINDOW  QUALITY 
Required  Test  'Window  Quality 

As  part  of  the  laboratory  verification  of  effects  on  photographic  image 
quality  of  parameters  such  as  thermal  gradient,  pressure  differential,  and 
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shock  wave  luminosity,  it  was  necessary  to  utilize  glass  test  panels  which 
may  not  be  of  the  sacje  quality  as  those  used  in  actual  aircraft.  There  are 
two  basic  methods  of  establishing  the  relationship  between  the  degrading 
factors  and  the  resiUtant  image  quality: 

fl)  Comparison  of  resolution 

(2;  X'asurement  of  deviation 

The  first  method  is  based  on  visual  cotnparison  of  photographic  images  of 
bar  cheurts  specifica3JLy  designed  to  permit  subjective  evaluation,  or  alter¬ 
natively,  the  photometric  scanning  of  photographic  images  of  sine  wave 
charts,  resulting  in  a  qxiantitatlve  assessment  of  resolution  capabilities. 
These  techniques  would  be  useful  in  evaluation  of  large  differences  of 
resolution  resulting  from  the  total  effect  of  all  factors  contributing  to 
the  degradation.  The  second  method,  determination  of  deviation  of  ll^t 
rays  at  selected  points  of  a  glass  test  panel,  was  proposed  by  the  Contract¬ 
or  as  a  sensitive  wasure  of  the  effects  of  individual  environmert  al  fetors, 
Beference  5.  Becr-ose  of  this  sensitivity,  however,  the  question  arises  as 
to  how  closely  tie  test  window  must  simulate  the  optical  quality  of  operation¬ 
al  photographic  windows,  in  order  that  the  experimental  data  may  be  validly 
extended  to  window  design. 

The  glass  ordinarily  si)ecified  for  use  as  a  photographic  window  in  Air 
Ftorce  programs  is  required  to  meet  or  exceed  the  optical  quality  prescribed 
in  Military  Specification  MIL-G-1366,  "Glass,  Window,  Aerial  Photographic." 
The  specification  stipulates,  among  other  things,  the  following  optical 
characteristics . 

(a)  A  surface  finish  equivalent  to  that  typical  of  hlgb 
grade  plate  glass. 

(y>)  A  wedge  tolerance  ranging  from  4  arc  seconds  to  6 
arcminutes,  depending  on  the  application  and  to  be 
specified  by  the  procuring  activity. 

(c)  No  striae  visible  when  observed-at  distances  from 

1/2  to  I-I/2  meters,  depending  on  the  wedge  tolerance. 

(d)  No  bubbles  larger  than  I/32  inch  in  diameter. 

(e)  For  Group  M  glass  only,  a  flatness  of  one  wave  length 
per  6  inches  diameter  area. 

The  characteristics  of  importance,  which  lulglit  set  aj^art  such  glass  from 
selected  plate  glass,  are  parallelism  and  index  variations. 

In  the  work  that  follows,  the  precise  amount  of  flatness  and  freedom 
frexa  inhomogeneity  is  determined  for  windows  used  in  conduction  with  high 
resolution  aeried.  photographic  cameras.  This  work  served  as  an  initial 
starting  point  for  defining  the  quality  of  the  glass.  The  work  was  com¬ 
pleted  in  the  early  stages  of  the  program  and  was  developed  only  to  give 
an  indication  of  the  quality  necessary  for  good  optical  images.  Later 
analysis  was  necessary  to  establish  the  exact  quality  needed  for  laboratory 

work. 
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Variations  in  Index  and  parallelism  can  be  accoimted  for  as  contrl* 
bating  power  to  the  optical  system.  These  defects  would  cause  defocusing 
of  a  certain  percentage  of  the  energy  Incident  upon  the  optical  system. 

By  studying  these  variations  in  an  Interferometer,  it  can  be  determined  how 
much  power  will  be  contributed  and  what  percent  of  the  energy  will  be  effected. 
It  should  be  noted  at  this  time  that  the  effect  of  a  window  on  an  image  form¬ 
ing  system  dei>ends  upon  the  type  of  system  involved  and  the  quality  of  the 
image.  An  exact  analysis  of  the  optical  effects  of  a  window  on  the  image 
forming  ability  of  a  photographic  lens  is  a  function  of  the  characteristics 
of  the  lens.  Thus  it  becomes  necessary  to  evaluate  a  great  many  parameters 
before  exact  analysis  can  be  i)erformed. 

In  the  mathematical  analysis  that  follows,  the  effect  of  adding  power 
to  an  optical  system  is  investigated.  From  the  results  of  this  investiga¬ 
tion,  the  amount  of  power  that  con  be  tolerated  will  be  determined.  In  the 
absence  of  precise  data  about  the  optical  system  in  use,  several  assumptions 
will  be  made  about  the  lens,  and  the  image  forming  capability  of  the  lens: 

(a)  It  will  be  assumed  that  defects  in  the  glass  are  small  in 
character,  and  that  the  total  effect  of  all  of  the  defects 
in  the  window  can  be  treated  as  if  it  were  the  result  of 
placing  several  very  long  focal  length  thin  lenses,  which 
vary  in  power  between  selected  limits,  in  the  optical  path 
(this  is  identical  to  adding  power  to  the  system). 

(b)  The  foi*m  of  the  energi--  distribution  of  a  point  response  in 
the  image  plane  will  be  assumed  to  be  gausslan  both  for 
the  photographic  lens  and  the  effect  resulting  from  the 
window.  This  assumption  is  made  to  facilitate  analysis. 

In  general,  the  energy  distribution  can  only  be  foimd  for 
a  specific  lens,  and  may  differ  considerably  from  that  of 
a  gausslan  function  (especially  for  off  axis  images). 

However,  near  the  axis  the  gausslan  function  serves  as 

a  good  approximation  to  the  image  energy  distribution 
even  for  diffraction-limited  systems  (provided  one  does 
not  consider  the  secondary  maxima).  This  assumption  may 
have  more  validity  for  the  effects  resulting  from  the 
window  defects,  since  these  will  be,  in  all  probability, 
random  in  nature. 

Pocansc  of  the  number  of  parameters  Involved,  a  graphical  presentation 
will  be  for  ractcristic  parametric  values. 

To  begin.,  lot  us  find  what  the  effect  of  adding  power  is.  To  do  this, 
let  the  winiov  ha/o  an  equivalent  focal  len^jth  of  ,  the  lens  have  a  focal 
length  ,  the  principal  planes  of  the  window  and  the  lens  be  separated  by  t, 
and  the  combined  focal  length  be  F.  From  Figure  57  we  see 

q  =  -IV'E:j.F 


and 

p=-ive1u  f. 


(1) 
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Furthermore ,  ^  ^ 

p  -  q  =  Af  =-lVfe,.l+fi.  - (-IVEiJ  +  F) 

s-lVEll  +  l+l  V'E'I  +  tF  +(-F) 

f. 

=  f.  +  tF  -  F 
f- 


But 


F  =  fc  fw 

fv  +  fw-t 


Hence 


Af  =  t.+  tf-f 


Ufc+t-t) 


f,  +  f-  - 1 


fw  f. 

fw-  t 


(3) 

(4) 


Kov  if  U  is  the  neelo  of  eT.ercence  of  the  ray,  ond  j-,  1=  the  radius 
of  the  blur  circle  (cec  Fltfurc  58)  in  the  lr.c,vs  p  an., 

r,  =  Aftanu  =  Af^ 

2  F 

vhorc  D  13  the  dia"ctcr  of  the  «xit  pupil.  Or  we  -.ay  wi*lte 


D 


t-  t 

=  Jl 

2Nfv. 


2  fi  fw 


= 

2  fw 


^  t-  t 


(5) 


where  N  Is  the  f- number. 
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If  the  energy  spread  were  constant  and  all  of  the  energy  coming  Into 
the  lens  were  effected  In  this  way,  1/2  1^  would  he  the  resolution  limit. 
However,  we  shall  assume  that  only  a  limited  amount  of  the  energy  will  he 
affected,  and  that  the  Intensity  distribution  will  he  gausslan.  We  have 
then  assumed  that  a  point  response  function  will  he  of  the  form 


I(x)=  Lexp(-ax^) 

To  find  the  constant  a,  let  us  assume  Iw(x)  Is  down  hy  1/©  when  X 
Is  equal  to  Pe  •  This  Is  the  same  as  saying  that  most  of  the  energy  falls 
Inside  of  a  circle  of  radius  Pc  «  This  can  he  shown  hy  Integration. 

Our  assumption  Implies  that 


ax  =  QQ*  =1  OP  a  =  1 

For  the  Image  formed  hy  the  lens  Itself  (or 
In  place)  we  again  assume  a  gausslan  function: 


/rf  (T) 

with  an  Ideal  window 


Ux)=  exp(-bx*) 


(8) 


This  time.  Instead  of  being  somewhat  arbitrary  about  the  constant  h,  we 
shall  make  a  connection  between  h  and  the  resolution.  According  to  the 
Rayleigh  criterion,  the  image  of  two  points  is  said  to  he  resolved  when 
the  minimum  of  one  distribution  function  corresponds  to  the  maximum  of 
the  other.  The  reciprocal  of  the  distance  between  the  two  primary 
maxima  is  said  to  be  the  resolution.  However,  since  a  gausslan  function 
does  not  have  a  minlmnra,  a  more  intimate  knowledge  of  what  is  required 
to  resolve  two  points  is  necessary.  What  Is  actually  desired  Is  the 
ability  to  discern  two  points.  That  Is,  that  there  be  sufficient  con¬ 
trast  between  the  two  maxima  and  the  minimum  formed  by  the  composite  of 
the  two  distribution  functions  so  that  the  two  maxima  can  he  observed. 

Ibis  will  be  seen  in  Figure  59.  If  one  uses  the  Rayleigh  criterion  for 
a  diffraction-limited  optical  system  with  a  sqviare  aperture,  this  con¬ 
trast  is  18.83;'j.  For  a  circular  aperture  the  contrast  is  3T.71^«  Since 
ot  -dies  have  shown  that  the  human  eye  is  capable  of  detecting  contrasts 
of  2)3,  the  Rayleigh  criterion  is  conservative.  For  the  purpose  of  this 
analysis,  we  shall  rolvC  a  compromise  and  say  that  a  10^  contrast  will  he 
assumed  to  be  necessary.  The  composite,  or  sum,  of  the  two  functions  will 
be  given  hy: 


rbx* 


-C) 


(9) 
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vhexv  C  Is  the  separation  bet%reen  the  maxima.  In  most  cases  of  Interest, 
Is  equal  to  .  Rirthermore,  it  is  obvious  from  Figure  59  that 
the  minimum  occurs  atC  /2*  define  contrast  by  the  equation 


G  m  Ikku  —  I*nK 
Letting  Ii  =  L  ve  have 


(10) 


e'®+ 

G  =  1  -  2  e-y^ 


(11) 


since  1  /C  Is  the  resolution,  and  G  Is  the  contrast,  b  can  be  found  by 
numerical  analysis.  For  convenience,  let  0“bc2  be  small  compared  to  1. 
Equation  (ll)  becomes 


or 


1  -G  =  e V 
2 

b  =  4  In  2 


c2  1  -G  ,  , 

As  on  example,  let  the  resolution  be  45  Unis/mm. 


(12) 

(13) 


b  =  45  45-  4  In  _2_  =6.46  X  10^  /mm* 

0.9 

A  substitution  of  this  quantity  into  gives  a  value  of  .0^*1,  which 

is  small  compared  to  1  as  in  our  assumption. 


Wc  now  want  to  limit  the  energy  that  is  affected  by  the  window  defects. 
This  can  be  easily  acconpllshed  by  limiting  the  allowable  percentage  area, 
as  seen  by  the  lens,  that  contains  defects.  The  total  energy  In  any  point 
response  will  be  given  by 


E 


f 


I  dA 


(14) 
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Beeasise  of  the  syonetrj  of  the  gausalan  fOnetlon,  we  may  simplify  the 

rotating  the  Auietlon  about  the  axla  of  aymiBetry  and  Integra* 
the  method  of  cylindrical  elements*  Siua  iw  general 


27rx  I(x)  dx 


(15) 


or  hr  substituting  Eq  (6)  into  the  above 


I 


2'irxL^  e-<«*dx 

max 


(16) 


Equation  (l6)  la  easily  Integrated  to  give  (see  Reference  15) 


^  .2L. 

MAX  a 

Similarly  If  Eq.  (8)  la  substituted  In  Eq.  (I5) 


(17) 


*-MAXb 


(16) 


results*  If  the  energy  affected  by  power  In  the  window  la  to  be  limited 
to  some  percentage  Q,  then  • 


Ew-  --0 


El  100-Q 

By  substltxitlng  Eq.  (17)  and  (I8),  we  get 
JwM  _  _  Q  Q 


(19) 


II^  100-  Q  b 


(20) 


rae  problem  now  la  using  all  of  the  above  InforiEation  to  determine  the 
ro-jolutlon  that  resxilts  from  the  combined  effects.  TO  achieve  this  result 

'.o  la'lte  the  function  for  the  combined  effect  as  the  sum  of  the  distribution 
fu.nctlons  : 


COMBINED 


r  > 


■*- 


I 

'^n 


(21) 
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The  subscripts  I  and  II  refer  to  the  two  points  to  he  resolved.  W  and  L 
refer  to  the  distribution  functions  that  result  from  the  window  and  lens 
respectively.  From  Eqs.  (6),  (8)  and  (20)  we  get 


o 


COMBINED  hOO-Q  b 


a  -ax‘ 


-bx‘ 

e 


Q 


100-0  b 


a  -oOt-o  -b(x- 

~  e 


j  “-MAX 


ITow  we  oust  solve  for  C  when  the  contrast  between  maximum  and  minimum  Is 
the  proper  value  for  discerning  between  the  two  point  response  functions. 

Again, 

^combined”  T  (28) 

COMBINED^^^ 


Substitution  of  these  quantities  Into  the  above  equations  gives 


G  =  1  “ 

COMBINED 


J 


Q 


QQ-rO-b 


a 

^  e  ^ 


be' 


+  e 


1  ^ 


Q 


a 


Q 


100-Q  b  100-Q  b 


n  -oc^  -bc^ 

~  e 


(23) 


A  slcrole  approach  to  understanding  this  equation  Is  to  solve  for  Q. 
will  give  us  the  amount  of  energy  that  can  be  affected  before  a  certain 
percentage  degradation  of  resolution  will  result.  Also  it  will  be  siller 
to  write  C  in  terms  of  this  degradation  and  substitute  this  directly  Into 

our  equation.  Solving  for  Q  _  get 


Q 


100-Q  a 


n  -  1  -..OcOMB.  ^ 


( 


)  < 


JCQMB.Ne 

2  / 


(2*^) 


Let  us  define  the  fraction  degralatlon  by  the  relation 

resolution  -  Vc 


deg  = 


This  Implies  that 

C  =  — 


RESOLUTION 

1 


RESOLUTION,  (1  -degj 


(25) 
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Furthermore,  since  b  =  4(resolution)^  I n  2 

1  -  G 


bc^=  4  In  _2 _ 

(1  -de^  1  -  G 


(26) 


By  substitution  of  Eqs .  (25)  and  (26)  into  Bq.  (24),  we  can  find  the 
tolerable  amount  of  energy  affected  in  terms  of  the  resolution,  fraction 
degradation  and  the  quantity  a,  which  is  related  to  the  quality  of  window 
and  the  properties  of  the  photographic  lens.  A  close  look  at  Eq.  (24)  with 
reference  to  our  example  for  b  reveals  that  tiis  quantity  b/a  is  dominant  for 
srrall  values  of  a  (l.e.  high  amounts  of  power  in  the  window).  This  implies 
that  it  would  require  almost  100^  of  the  energy  to  be  affected  before 
significant  degradation  of  the  image  would  result.  At  first  this  seems 
quite  unreasonable,  but  what  is  being  said  is  that  a  large  amount  of  power 
in  the  window  will  cause  the  energy  to  spread  out  resulting  in  lower  inten¬ 
sity.  Thus  if  only  a  small  am.ount  of  energy  is  unaffected  by  the  window, 
it  may  still  be  enough  to  result  in  distribution  functions  that  meet  our 
contrast  requirements.  In  essence  it  means  that  resolution  is  not  a  good 
way  to  judge  image  quality.  This  is  why  many  have  gone  to  contrast  response 
to  evaluate  photographic  lenses. 


Another  1  ok  at  Eq.  (24)  shows  a  discontinuity.  That  is  for  a  given 
value  of  degradation  and  resolution,  there  is  a  value  n-r  Q  approaching 

infinity.  This  m.cans  that  there  exists  a  point  whore  all  of\he  incident 
energy  must  be  affected  by  the  window  before  it  will  result  in  the  given 
percent  degradation.  Or  any  more  iraprovotnent  of  the  window  will  not  result 
in  image  iaprovement  greater  than  specified  by  the  degradation. 


Tl'.is  vaJ.ue  ocours  at 

~  G  4  + 


1  -  Gcom\  +  h  -  Gcom 


•ac 


=  o 


or 


1  +  e 


=  1  -G 


COM 


-QC< 


~be‘ 


Tl->.i3  is  qulne  si.dlar  to  Fq.  (ll)  in  which  we  assumed  that  Q 
cc  pared  to  1 .  If  '.:q  ma>e  the  sa^e  assumption  in  Eq.  (27),  we  find 

a  =  4  In  2 


(27) 


was  small 


1  -  Gcom 


(28) 


and  substitution  of  Eq.  (25)  into  (28)  gives 

a  =  4  |resolution(1  - deg)j  ^ 


In 


1  -  Gcom) 


(29) 


This  equation  gives  an  upper  limit  to  a,  and  from  it  be 
quality  or  the  glass  that  will  not  degrade  the  resolution. 
has  been  plotted  in  Figures  6o,  6l,  62,  63.  The  abscissae 

represent  the  power  in  the  window  measured  in  fringes  in  ^  interfe^ete  . 
The  relation  between  window  power  and  the  fringes  observed  in 
ferometer  is  easily  computed  if  the  power  is  relatively  s^H-  ^ 
obtained  is  substituted  into  Eq.  (5)  and  ^e 

into  Eq.  (29)  then  the  graphs  in  Figures  60,  6I,  and  62  and  63  result. 

To  use  these  figures,  one  must  know  the  value  of  the 
the  f-number  of  the  lens  to  be  used  with  the  window.  He  must  ^^^o  know  t 
resolution  of  the  lens.  By  looking  at  the  abscissa  that  corresponds  to 
these  three  values  on  the  graph,  he  can  determine  the  ri'onber  \ 

can  be  tolerated  over  a  two  inch  aperture.  Ther  by  scanning  the 
the  interferometer  using  the  value  obtained  from  the  graph,  it  can  be  deter¬ 
mined  if  the  glass  is  good  enough  to  be  used  as  a  window 

system.  The  solid  line  in  these  figures  represents  no  degradation  of  tne 
resolution,  while  the  broken  line  represents  a  10^  degradation. 

To  determine  how  good  the  glass  should  be,  let  us  take 
examples.  A  report  entitled  ^Survey  of  Fodern  Aeri^  Camera^ 

16)  gives  some  information  that  should  be  helpful.  Tlie  report  is  da^d  ^ 
June  i960,  and  may  be  somewhat  behind  in  its  information,  but  it  pro^bly 
can  be  assumed  that  no  drastic  chciiges  have  been  nade  in  the 
art  in  the  past  two  years.  In  the  text  of  the  report,  ^^/'^SCests  t^  the 
upper  limit  of  photographic  resolution  will  be  for  some  time  aroun 
liLs/mm.  If  we  Assume  that  a  lens  with  this  capability  has  been  construc¬ 
ted,  and  that  the  focal  length  is  12  inches  at  a  setting  of  f/U,  reference 
to  Figure  6l  reveals  that  we  can  stand  about  1.1  fringes  over  a  2  In^ 
diameter  aperture  before  any  degradation  of  the  image  wi^l  res^t.  The 
report  also  states  that  a.  camera  has  been  designed  and  built  that  is  capable 
of  75  lines/rrm.  If  we  assume  then  the  same  focal  length  and  f-number, 

FlcuJe  that  1.5  rrlnges  is  tolerable.  The  list  of  lens 

i sties  shows  that  most  of  the  lenses  do  not  exceed  45  lines/mm.  Again  using 
the  same  lens  parameters,  a  2.5  fringe  tolcrarice  is  allo<#ed. 

Op t i c al  runllty  Necessary  For  Laboratory  Tests 

In  preoedlne  work,  the  (.uality  of  optical  slats  for  use  as  widows  In 
conjunction  with  hleh  resolution  aerial  car  eras  was  detenninen.  This  hl^ 
quality  will  probably  not  be  necessary  for  laboratory 

d.-v'ation  -casurcrents.  It  will  be  necessary  to  a- ,urc  teat  the  d.vlatl^^ 
ai-e  not  severely  i  asked  heenuse  of  the  fact  that  tne  iinase  quality  of  the 
irca^  '.rins  device  is  reduced.  In  the  analysis  that  follows  the  tolerance 
f^  lhe’~^ia]ity  of  glass  is  detennined. 

3ince  an  interferometer  is  to  be  used  to  .measure  glass  quality,  it  Is 
necessary  to  establish  a  correlation  between  the  ^uality  of  the  image  seen 
in  the  theodolite  or  measuring  autocollim.ator  and  the  shai)e  and  density  of 
fringes  seen  in  the  interferometer. 

Toe  amount  of  spherical  power  tolerable  can  be  computed  by  limiting 
the  amount  of  blurring  of  the  image  in  the  collimator  to  less  than  the 
dimension  suptended  by  the  m.easuring  bifllar.  Tnis  condition  Is  established 
because  it  is  necessary  to  see  the  image  of  the  cross  .nair  clearly  in  the 
bifilar  to  rake  accurate  readings. 
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Let  the  bifllar  of  the  collimator  subtend  cm  angle  of  R  ,  the  focal 
length  of  the  collimator  be  fc  ,  the  diameter  of  the  collimktor  objective 
be  D,  and  the  equivalent  focal  length  of  the  window  be  tw  •  Now  for  light 
of  wave  length  X  In  an  Interferometer,  dark  fringes  appear  for  a  difference 
In  optical  path  of  |  such  that 


n  X  =  I 


(30) 


If  the  difference  In  optical  path  Is  the  sagitta  of  the  wave  that  has 
become  curved  due  to  spherical  power,  then 


I  =  D/2 

2fw  /2 


(31) 


Here  the  expression  for  sag  is  given  In  terms  of  the  parameters  defined  above 
By  substitution  of  Eq.  (3®)  into  (3l)>  have 


n  =  D 


4  fwX 

From  Eq.  (5)  we  have 

Pc  -  D. 

2 


(32) 


fc 


f 


(33) 


w 


If  2rc  Is  equated  to  the  Image  width  necessary  to  fill  the  bifllar,  then 

2 

^/hcre  P  is  measured  In  radians.  Substitution  of  (3^0  into  (33)  gives 

fw  =  JQL  (35) 

P 


Thus  we  get  the  result 


iho  '  .'-it-bs  aut 


(36) 


D  for  the 

inches,  R  is  alout 

iV\r»  +.  H  1 


^^tocoll  Irator  (shovm  In  65  on  the  left)  Is  1.5 

V  »  -  „4  .... 


20  reconds  and  X  i^  5«^6l  ^  i® 
GubotitiTTing  these  values  into  £q.  (3^)  results  in 


railliraoters . 


n  =  (1.5x25  4)x(20  x4.85x10'^)_ 

4  X  5  461  X  lO"* 

=  1.7  fringes  of  power  over  D  =  1.5  inches 
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Variation  of  fringe  density  is  another  problem  however.  This  may  be 
treated  as  a  variation  of  wedge  over  a  certain  area.  It  is  easily  shown 
that  if  §  is  the  angle  of  deviation  resulting  from  a  piece  of  glass,  then 


n  =  2.SJ1  (37) 

A. 

fringes  will  be  seen  in  the  interferometer,  where  rl  is  the  height  at  which 
fringes  are  measured.  If  we  divide  n  by  h  we  get 


n  =  N  =  2S 

h  X 


(38) 


fringes  per  unit  length  which  we  shall  identify  as  the  fringe  density.  Since 
we  want  the  difference  in  fringe  density  to  correspond  to  less  than  half  of 
the  tolerable  angle  we  get 


AS  = 


2 


An 

X 


(39) 


whoroAnhere  represents  the  difference  In  fringe  density  over  the  aperture 
noaoured  in  fringes  per  inch.  We  have,  using  the  numbers  above 


An  -  20x4.85x10^^  =4.8  fnnges/inch 
5.4  61  x10-^ 

25.4 

To  find  this  vaJ-ue,  wo  simply  count  the  nximber  of  fringes  in  any  one  section 
of  the  aperture  and  divide  by  the  width  or  height  in  which  the  fringes  occur. 
Then  by  repeating  the  operation  in  another  section  of  the  aperture  and  sub¬ 
tracting  the  two  values,  the  difference  in  fringe  density  results.  Com- 
naring  the  value  obtained  with  the  value  above  serves  as  a  tolerance. 

(  .  -.ity  of  '7 '‘it  ~~rne''  s  as  Received 

The  Corning  Glass  V/orhs,  Coming,  New  York,  generously  offered  to  supply 
glass  test  panels,  finished  to  the  test  of  their  ability,  at  a  very  reason¬ 
able  cost  so  that  they  could  "share  in  the  development  of  a  concept"  of 
iiiiercst  to  them.  Eight  panels  were  purchased: 


82 


This 

type. 


#1723  gleiss,  9  inches  dianjeter,  L/2  inch  thick 
lf^l723  glass,  9  inches  diameter,  1  Inch  thick 
1^1723  glass,  9  inches  diameter,  2  Inches  thick 
#1723  glass,  9  inches  square,  l/2  inch  thick 
#1723  glass,  9  inches  square,  1  inch  thick 
#1723  glass,  9  Inches  square,  2  Inches  thick 
glass,  9  Inches  square,  1  inch  thick 
1^7940  glass,  9  inches  square,  1  inch  thick 

particular  combination  was  selected  so  that  the  relative  effects  of  glass 
shape,  and  thickness  could  be  studied  with  a  minimum  number  of  tests. 


In  stud^'ing  the  glass  received  it  was  discovered  that  there  were  defec¬ 
tive  areas  of  the  glass  that  would  make  precise  deviation  measurements 
extremely  difficult  if  not  impossible.  These  defects  caused  oailtiple  images 
and  blurring  when  used  in  an  optical  system.  Figure  65  shows  how  this 
initial  inspection  was  accomplished.  The  two  collimators  were  aligned  so 
that  a  sharp  image  of  the  illuminated  collimator  reticle  at  left  was  observed 
in  the  collimator  on  the  right.  The  window  glass  was  placed  in  the  colli¬ 
mated  beam,  and  the  effect  of  the  window  defects  on  the  imeige  observed  as 
shown. 


Inspection  of  the  glass  in  an  interferometer  (Figure  66)  revealed  that 
there  was  considerable  power  and  wedge  in  the  window;  more  than  enough  to 
cause  the  effect  obser'.ed  in  the  collimator  (see  calculation  below).  On 
one  particularly  offensive  piece  of  glass,  it  was  also  noticed  that  in  the 
region  that  caused  the  maximum  blurring,  there  was  a  rapid  variation  in  the 
fringe  pattern  over  the  area  that  corresponded  to  where  the  collimator  beam 
passed  through  glass.  Readjustment  of  the  interferometer  resulted  in  a 
frirgo  pattern  that  Indicated  two  high  ridges  very  close  together  In  the 
surface  of  the  glass  (Figure  68).  TTiis  formation  causes  part  of  the  beam 
to  bo  deviated  in  one  direction  and  the  other  part  in  another,  producing 
a  blurring  and  doubling  of  the  image.  A  close  inspection  of  the  collimator 
imvige  shov/ed  that  this  was  indeed  the  case. 

Several  of  the  pieces  received  had  these  conditions,  and  in  several  the 
defects  extended  over  the  entire  piece  of  glass.  V/edge,  spherical  power  or 
tiio  above  m.entior.jd  irregularity  were  comcnon  to  each  piece  received  (see 
Figures  60  through  75).  V/edge  can  usually  be  accounted  for  and  adjusted  out 
of  any  reading  for  stvidy  purposes .  Calculation  shows  that  severe  spreading 
of  the  image  will  result  for  large  amoiants  of  spherical  power  observed. 
However,  the  worst  condition  results  from  the  large  degree  of  irreguleurity, 
or  rapid  variation  in  fringe  density.  This  resxilts  In  imiltiple  Images, 
blui*ring  and  spread  that  make  accuracy  impossible.  Investigation  of  the 
surface  flatness  showed  that  surface  irregularity  was  the  major  contributor 
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"to  "the  glass  deTects  (See  Figures  fC  throiigh  85).  In  all  cases  'the  glass 
revealed  no  objectionable  variations  In  Index  when  viewed  through  the 
polarlscope.  Since  the  defects  were  on  the  surface^  It  was  sviggested  that 
those  glasses  which  exhibited  large  amounts  of  power  and  rapid  'variation 
in  fringe  density  be  repolished  and  recoated. 

Using  the  above  calculations,  it  is  easily  seen  in  Figure  68  throii^ 

75  that  only  two  of  the  pieces  of  glass  received  were  even  close  to  being 
useable.  (Figure  71  and  eextain  sections  of  Figure  70).  Figures  66  through 
75  are  pho'tographs  of  the  patterns  seen  in  the  interferometer,  ^ese  figures 
may  be  used  for  con5)arioon  with  the  calc\ilations  for  quantitative  results. 

The  scale  of  the  photographs  is  such  that  what  is  shown  is  smaller  than 
actual  size.  Consequently  a  circle  equivalent  in  dieuneter  to  the  collimator 
objective  (I.5  Inches)  Is  shown  to  the  right  of  each  page. 

Figures  78  through  85  are  photographs  of  the  fringes  that  result  from 
placing  a  test  flat  on  top  of  eeich  sample.  The  photographs  were  tedeen  using 
the  arrangement  shown  in  Figure  76.  These  may  be  used  for  qualitative 
evaluation  of  oaeh  sample.  It  Is  not  suggested  that  these  photographs 
represent  a  sufficient  test  for  rejection  of  any  one  piece,  but  simply  that 
there  Is  an  indication  of  surface  Irregularity  or  power.  The  sections  photo¬ 
graphed  were  chosen  at  random  and  no  attempt  was  made  to  make  any  correlation 
with  the  interferometer  data. 

Table  II  Is  a  description  of  the  pieces  received.  Included  are  sizes, 
shapes  and  glass  types  along  with  the  code  furnished  by  Coming  Glass  Co. 

The  letter  to  the  left  of  each  description  is  the  same  for  each  sample  as 
the  letter  identifying  each  of  the  photographs. 

It  was  decided  that  six  of  the  eight  panels  were  Inadequately  polished, 
and  these  panels  were  repollshed  by  Thompson  Optical  Company,  Los  Angeles, 
to  a  flatness  of  two  fringes  over  a  two  Inch  aperture. 


Rt:LATic:.'r>Hip  czviation  a:jd  resolutioh 

Deviation  Differential 

One  of  the  basic  premises  by  which  the  program  was  conducted  was  the 
valid  application  of  deviation  measurements  to  the  determination  of  changes 
in  system  resolution.  Tlie  problem  of  relating  the  image  quality  of  an 
optical  system  to  the  information  given  about  the  object  space  has  many 
solutions,  most  of  which  are  mathematically  tedio\is  and/or  highly  sophisti¬ 
cated.  The  most  ideal  approach  is  to  use  the  expressions  for  the  wave 
functions  incident  upon  the  system,  and  by  application  of  Huygen's  principle 
or  the  Kirchhoff  integral  at -the  boundaries,  together  with  the  diffraction 
theory  of  aberrations,  one  obtains  the  precise  light  distribution  in  the 
image  plane.  However,  this  technique  is  extremely  complicated  and  requires 
on  intimiate  knowledge  of  the  lens  characteristics. 
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Another  approach  Is  to  use  the  method  of  tracing  rays  throxigh  the 
system.  This  technique  does  not  take  into  account  the  effect  of  the 
boundaries,  but  neither  does  it  require  the  mathematical  sophistication 
necessary  in  the  Ideal  approach.  From  the  data  obtained  by  ray  tracing, 
a  plot  of  the  Intersection  points  of  the  rays  with  the  image  plane  can  be 
made.  This  is  called  a  spot  diagram.  The  density  of  points  In  em  elemental 
area  Is  related  to  the  light  Intensity,  and  by  making  a  plot  of  this  Inten¬ 
sity  as  a  function  of  the  Image  plane  coordinates,  the  i>olnt  resi)onse  function 
Is  obtained.  Again  the  mathematics  is  tedious,  and  a  very  Intimate  knowledge 
of  the  lens  system  is  required.  Herzberger  has  developed  techniques  for 
deriving  very  accurate  approximations  to  the  distribution  functions  using 
the  equations  of  Hamilton  together  with  Taylor's  expansion.  Reference  19» 

This  method  requires  much  less  ray  tracing,  but  again  the  lens  formula  must 
be  known  precisely.  Also  the  algebra  becomes  so  complicated  that,  for  most 
optical  systems,  no  explicit  relation  can  be  found  for  the  precise  ray 
trace,  and  the  system  can  only  be  evaluated  numerically. 

Another  approach  involves  cascading  individual  transfer  functions  of 
the  elements  that  make  up  the  optical  system,  ^y  cascading,  it  is  meant 
that  the  transfer  function  for  the  system  is  just  the  product  of  individual 
system  element  transfer  functions.  This  technique  has  proved  very  useful 
in  the  past  few  years,  and  is  presently  being  accepted  as  a  standard  method 
of  evaluation.  However,  there  are  restrictions  placed  upon  the  use  of  this 
method.  First  the  system  must  be  linear:  that  is,  if  the  intensity  of  the 
signal  is  doubled,  then  the  response  of  the  system  must  double,  also  the  sun 
of  two  Inputs  must  give  the  same  response  as  the  sum  of  the  response  of  the 
individual  Inputs.  Secondly,  the  system  elements  must  act  indei>endently  of 
one  another.  For  example,  in  an  optical  system,  the  transfer  function  of  a 
compound  lens  is  not  equal  to  the  product  of  the  transfer  functions  of  the  sub¬ 
elements  that  make  up  the  lens.  In  some  instances  it  Is  possible  to  relax 
this  second  requirement,  but  great  care  must  be  taken  when  this  Is  done  to 
assure  that  the  results  axe  valid.  It  is  this  second  restriction  that  llmitt 
the  degree  to  which  transfer  function  analysis  may  be  applied  to  the  case  of 
photorTaphic  windows.  For  only  if  the  window  introduces  only  first  order 
aberrations  into  the  photographic  system  or  causes  only  simple  defocuslng,  can 
a  transfer  function  be  written.  Even  then  the  expression  for  the  window 
transfer  function  contains  first  order  parameters  of  the  photographic  lens. 

Thus,  the  approaches  outlined  above  will  be  avoided,  and  a  simpler 
method  of  correlating  image  quality  to  the  experimental  data  will  be  used. 


Tl:e  effect  of  light  deviation  by  a  photographic  window  will  not  neces¬ 
sarily  cause  degradation  of  the  resolution.  Degradation  of  resolution  will 
only  result  when  the  deviation  is  not  constant  over  the  aperture.  Reference 
to  the  Vidya  report  (Reference  2),  page  VI -7,  shows  what  happens  to  a  ray 
that  is  deviated  by  a  small  arr.oiuit  X  .  For  convenience  this  derivation  is 
repeated  below  and  the  figure  in  that  report  is  shown  as  Figure  86  of  this 
repoi’t.  Figvire  87  shows  the  ray  direction  for  the  imdeviated  principle  ray 
(i.e.,  the  ray  in  the  meridional  plane  passing  through  the  nodal  points  of 
the  lens),  end  for  a  similar  I'ay  deviated  by  a  small  amount  ^  .  If  we 
assume  that  the  lens  is  a  high  quality  lens,  then  all  rays  incident  upon  the 
lens  at  an  angle  with  the  optical  axis  of  will  also  intersect  the  image 
plane  very  near  the  same  point.  From  Figure  67  it  can  be  seen  that  the 
distance  from  the  nodal  point  to  the  point  of  intersection  with  the  image 
plane  is : 

COS 

where  F  is  the  focal  length  of  the  lens.  Also  the  distanceAsia  given  by: 


As  =  fS  /cos  cj>Q 
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(42) 


The  projection  of^Sonto  the  Image  plane  vlll  be: 

As/cos<^^=  S  F/coscf>coscl>  =f8  sec^cf> 

This  is  Es.  VI-7  of  the  Vidya  re;^rt  foi^^.  ^ 


If  the  deviat^n  resulting  from  tli^  window  is  not  constant,  then  there 
will  be  a  maximum,  p  q  >  and  a  minimum,  Q  5  ,  such  that  the  difference  In 
deviation  will  be  (g  _  This  will  cause  a  spreading  of  the  light 

energy  into  a  clrcl^of  dimeter  €  >  where: 


e  =  F  (Sa“Sb)sec*  (43) 

The  limit  of  resolution  resulting  from  this  effect  will  be  the  reciprocal 
of  this  number 


Res  =  cos^  cf>^ 


(44) 


F(So-Sb) 

A  graph  of  F  -  Res  is  shown  in  Figure  88.  To  use  this  figure,  choose  the 
angle  of  incidence  of  Interest,  ^q,  and  the  corresponding  value  of  F  -  Res 
on  the  ordinate.  By  dividing  this  number  of  F  in  Inches,  the  resolution 
limit  in  lines  per  millimeter  results. 


Analytical  Assumptions 


The  initial  optical  analysis  in  this  program  was  based  upon  the  basic 
deviation  equation  derived  by  Vidya: 


S 


1-  _  - 

n  |(N§  -  s'm^ cft^) 


The  validity  of  this  equation  is  reliant  upon  several  assun5)tlons 


(■tS) 


(1)  The  Inside  and  outside  radius  of  curvatvure,  ri,,andr2 
are  equal, 

(2)  The  variation  in  index  of  refraction  is  small  compared  to  1, 

(3)  All  other  physical  parameters  undergo  very  small  changes 
with  temperature. 


Tlie  validity  of  the  first  assumption  will  bo  challenged  later.  Infor¬ 
mation  about  the  second  assumption  is  available  on  page  420  of  Reference  17 . 
Here  tlie  index  of  refraction  of  silica  glass  has  been  measured  at  several 
wavelengths  for  sovcral  te inpe nature s .  For  the  helium  green  line 
(  X  =  501.^63  IJi) ,  it  is  seen  that  the  index  at  -I60  C  is  1.4617,  and  at 
1000  C  is  1.4772.  ^his  is  a  difference  of  .0155  for  a  temperature  range 
of  1160  C.  Thus  the  validity  of  the  second  assumption  is  established. 

See  Figure  89  for  another  wavelength. 

Figure  90  gives  a  good  idea  of  the  validity  of  the  third  assumption. 
Here  we  see  that  a  large  difference  in  temperature  at  the  surfaces  is  neces¬ 
sary  to  cause  substantial  changes  in  the  glass  resviltlng  from  the  physical 
constrjits  being  functioi’s  of  temperature. 
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If  we  accept  the  above  assumptions,  we  may  accomplish  a  considerable 
amount  of  analysis  using  Eq.  *4-5  • 

It  was  shown  previously  in  Eq.  U3  that  1^  F  is  focal  length, 
the  proper  angle  of  Incidence,  and  Qq  and  the  two  extreme  angles  of 

deviation  of  the  rays,  then 

e  =  F  sec®<^Q(Sa  “  ^)  (46) 

where  g  is  the  diameter  of  the  blur  circle  caused  by  the  difference  in 
deviation. 

^  a  simple  Taylor's  expansion  about  b  we  have 


neglecting  higher  order  terms,  since  the  difference  ( 
have 


(47) 


is  small,  we 


dcf> 

From  Eq.  45  we  have  ®  ^ 

SlS  =  t  r cos  (bn  ..  .+  sin^{^cos<^  -ser:^(f>A 
dcf>^  n  |(N|- sirf<jb)2  (N§  -  sin^J)^2  j 

Girapliflcation  of  Eq.  (49)  results  in 

^  =  t.r _ NoCOS  <f>n  -  sec^  cf>, 

d<p  n1(N§  -sin"<i^ 


(48) 


(49) 


(50) 


r>jncc  the  nngle  (  )  is  (;•  .all, 

(Aa  "  easily  sJio’wn  to  be 

=  -r 

i 

where  d  is  the  d  iam^-ter  of  the  l'i..;iaic 
the  f- number  of  the  fdiotcgraphic  lens 


and  since  the  w’indow 


of  rays  of  interest . 
ve  can  show  tiiat 


is  slightly  curved. 


(51) 


Tjetting  N  be 


d 


N 


cos 


(52) 
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Finally,  substitution  of  Eqs .  (48),  (50),  ( 51 )  and  (52)  i/ito  (45)  gives  the 
resiilt : 


6  =  -E-*  :L  [ _ b'L_ 

N  (N|-  sin® 

C  Is  the  reciprocal  of  the  resolution,  and 
effect  on  resolution  can  be  determined. 


if  can  be  found. 


(53) 

then  the 


Window  curvature  is  assumed  to  result  from  three  different  causes: 


1.  intrinsic  surface  curvature 

2 .  temperature  gradients 

3.  loads  on  the  window  (including  the  window  weight,  thermal  stress, 
and  pressure  differentials). 

No  surface  is  perfectly  flat  and  some  curvature  will  be  present  in  any  window. 
Although  this  c\irvature  by  itself  may  not  be  enou^  to  cause  damage  to  the 
optical  imege,  it,  together  with  other  effects,  may  result  in  enough  to  cause 
degradation.  Some  value  for  this  curvature  should  therefore  be  included  in 
any  calculation.  We  shall  refer  to  this  as  Rq. 

The  value  of  R,  that  results  from  linear  temperature  distributions 
across  the  window  thickness  is  probably  the  most  important  contribution  of 
optical  degradation.  It  can  be  shown,  see  Vidc>^a  Eq.  (VT-3l)>  that  the 
resultant  radius  of  curvature  is: 


Rc=__t _ 

a(To  -  Ti ) 


(5U) 


Hero  OL  is  the  coefficient  of  expansion  and  Tq  and  Tj  represent  the  tempera¬ 
ture  on  the  outside  and  inside  surface  of  the  window  respectively.  Me  shall 
refer  to  the  r-.diuo  of  curvature  asR^^  . 


Finally,  the  calculation  for  deflection  resulting  from  loads  due  to  the 
window’s  ewn  weight  and  the  pressure  differential  can  he  made.  On  page  194 
of  reference  l8  is  an  rqtiation  for  the  maximum  deflection  of  a  circular  plate 
due  to  a  uniforii  distribution  of  force  over  the  surface  of  the  plate.  This 
is  given  as 


y  =  3W(m-1)(5m-t-1)a^  (55) 

16  E  mM*  -n- 

where  ra  is  the  rcci'^rocal  of  Poisson’s  ratio,  E  is  Young’s  Modulus,  w  the 
force,  a  the  radius* of  the  plate  and  t  the  thickness.  Let  us  approximate 
the  surface  of  a  sphere  of  large  radius  (this  assumption  is  open  to 
challenge);  we  have  then 


y  =  3(  TTcfp  t  •»TrcfAp)(nn  -1)(  5m 
2AR^p1  eirE 


(56) 
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OP 


8EmH» 


3c?(pt  +  A  p)(m-1)(5m+1) 

Here  p  Is  the  density  of  the  glass,  ^  pressure  differential  and  Rj^p 

the  radius  of  the  curvatxire  of  the  surfkce. 


In  most  cases  the  physical  constants  of  the  glass,  E  and  m,  vary  con~ 
slderably  with  tenperature .  Hence  to  be  accurate,  the  above  paranieters 
shoxild  be  written  as  in=m  (t)  and  E=E  (T).  These  functions  are  empirical  in 
nature  because  they  differ  radically  depending  upon  the  type  of  glass  of 
Interest.  No  theoretical  model  gives  sufficient  accuracy  to  be  considered. 

In  computing  the  total  effect  we  shall  add  together  the  reciprocals  of 
the  radii  resulting  from  each  effect,  ,  R^p  and  Rq  .  That  Is 

±  =  1  .  J-.J- 

Ri  Ro  Rap  Rai  ^58) 

F^om  this  equation  and  Eq.  (5^)  It  Is  seen  that  the  parameter  that  gives  the 
largest  radius  of  curvature  Is  the  one  that  contributes  the  least  to  degrada¬ 
tion  of  Image  quality. 

As  a  final  step  we  shall  combine  the  effect  resulting  from  the  window 
together  with  the  lens*  own  resolution  to  obtain  the  final  resolution.  We 
use  the  relation: 


1  =  1. 

R?, 


R  =  R 


C^R?,.  1) 


where  Is  the  resolut*ion  of  the  film-* lens  combination. 


(59) 

(60) 


As  an  example  of  the  surface  power  Inherent  In  photographic  windows 
let  us  consider  glass  normally  required  for  aerial  photography.  The  test 
flat  quality  is  usually  1  fringe  povrcr  over  a  2  inch  diameter  flat.  We 
can  compute  the  radius  of  curvature  by  the  equation; 


Ro=yV  kX 

"  V  (61) 

Here  y  Is  the  radius  of  the  flat,  k  the  number  of  fringes  and  A.  the  wave 
length  of  the  light  used. 


!nius 

Rq  =  25.4  X  25.4 _  =1.18x10^mm 

1  X  5461x10“^ 
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The  pressure  expected  is  arovmd  15  pounds  per  square  Inch.  The  specific 
gravity  of  aluminosilicate  is  2.53-  The  density  would  be  2.53  x  .03611 
pounds  per  cubic  inch.  We  choose  a  temperature  of  500  F  as  the  temperatu^ 
of  the  window.  Young’s  modulus  at  this  temperature  is  1264  x  10  pounds 
square  inch.  Poisson's  ratio  is  .2575*  Substituting  into  Eq.  (57)  we  get 

R  »  =  ft  x12 .64x10^  M/0.2  575)* - ^ 

3  (4  5f (2. 53 X  .03611x1  +15)(1/.2575-1)(5/2575-1) 


=  3  .135x10'’  inches  =  7.96  xIO®  mm 

The  temperature  Inside  may  be  significantly  different  from  the  outside. 
I^t  us  assume  that  a  200  F  gradient  exists  across  the  window  thickness. 

From  Eq.  (54)  we  have: 


R  =  25.4  =  5.3  xld*  mm 

2.4x10®(200) 


This  is  about  a  factor  of  20  less  than  the  radius  due  to  pressure  and  weight. 
Hence  we  see  that  the  pressure  effect  contributes  much  less  to  the  image 
degradation  than  does  the  temperature  even  at  the  relatively  high  temperature 
of  500  F.  Using  Equation  (5^)  we  get  for  the  total  effect: 


Ri 


1 


1 


1 


1.18x10^  5.3x10*  796x10^ 


or 


Ri  =  4.769  X  10“*  mm 

Oul.-n^ltutlno  thio  vsiue  into  Eq.  (53)  and  nsouminc  an  r/4  lens  of  inches 
f.jcal  lon.^rth  viewing  at  20°  off  axis,  we  have 

-  sec^20® 


€  = 


(24-254)^25.4  J  (1.53j 


4  (482x10^(1.532-  sin2  20® 


■} 


=  5.18  x10'^  m  m 


F.i.nally,  if  the  resolution  of  the  film  lens 
millimeter,  the  resiJltant  film- lens -window 


R  =150 


(5.18x10^0^ 


combination  is  150  lines  per 
combination  will  be  from  Eq. 


(60): 


=  149.5  Ilnes/mm 
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The  above  discussion  assumes  a  linear  distribution  of  temperature 
through  the  window.  Results  from  the  dlathermanous  ten5)erature  dlstrlbu* 
tlon  program  Indicate  that  the  temperature  distribution  is  quite  non-linear 
In  transient  situations  and  even  non-linear  In  equilibrium.  Opaque  materials 
retain  the  linear  character  In  equilibrium,  but  not  under  transient  condi¬ 
tions.  As  a  result  a  slightly  different  approach  Is  necessary  to  predict 
the  shape  of  the  glass  that  results  from  non-llncar  temperature  distributions. 
Lot  us  assume  that  the  temperature  distribution  la  symmetrical  that  It 
only  varies  with  thickness. 


On  page  279  of  Reference  23,  an  equation  Is  derived  that  descrlT>es  the 
deflections  of  a  free  plate  under  the  above  conditions.  The  equation  that 
gives  the  displacement  of  a  point  in  the  axial  direction  may  be  used  to 
determine  the  surface  curvatures  of  the  window.  The  above  reference  gives 

(Trt)E  [('--laE^Tiadz 


-^Nt 

t/2 


Ilere  1/  la  Poisson’s  ratio,  Mr  la  given  by 


Mt  =  a  E  r  zT(z)dz  , 


/ 


Nt  =  a  E  I  T(z)dz 

’-t/2 


and  the  other  quantities  are  as  defined  previously. 
Reference  21,  ppge  359,  gives  the  curvature,  K,  as 


3  uZ 
2  (t/2)' 


(62) 


K=l-= _ _ 

R  (1  + 

Since  Z'  Is  a  very  small  nximber, 

K  =  dfl  =  12_Mt  op  R  = 

dz^  E  t®  12  Mt 


(63) 

(64) 


for  meridional  rays.  Thus  even  under  non-linear  temperature  distributions 
along  the  axis  of  the  optical  system,  the  glass  plate  forms  a  section  of 
a  spherical  shell  whose  radius  is  given  by  Eq.  (64). 
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For  the  case  where  the  temperature  distribution  and  mechanical  con¬ 
straints  are  arbitrary  functions  of  the  spatial  coordinates,  the  problem 
becomes  much  more  difficult,  and  the  surface  curvature  can  only  be  deter¬ 
mined  by  numerical  analysis  for  most  problems.  Since  in  most  real  c^ei 
the  teraperatvire  distribution  will  not  correspond  to  that  treated  in  the 
cases  above,  one  is  left  with  the  difficult  problem  of  surface  curvature 
determination.  This  has  not  been  attempted  here,  but  an  alternate  approach 
was  tried  to  discover  what  wo\ild  happen  to  the  light  rays  if  the  two 
face  curvatures  were  not  the  same  due  to  mechanically  or  thermally  induce 
stresses.  This  approach  was  motivated  by  early  experimental  results  from 
pressure-induced  deflection.  It  was  found  that  the  ray  deviatloM  me^ured 
were  an  order  of  magnitude  hi^er  than  would  be  predicted  from  the  thin 


shell  theory  described  above. 
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MODIFIED  THEORY 


Unequal  Cunratures 

The  following  Is  a  derivation  of  the  deviation  of  a  ray  passing  through 
glass  when  the  surface  curvatures  are  unequal  and  the  Index  of  refraction 

the  glass  Is  not  constant*  It  Is  desired  to  calculate  the  deviation 
of  a  ray  of  light  through  a  glass  window  when  the  radii  of  curvature  are  not 
equal  or  concentric  on  the  surfaces^  and  the  Index  of  refraction  varies  a^ong 
the  thickness  of  the  glass*  To  arrive  at  this  result  the  methods  of  vector 
analysis  will  be  xised  throughout  the  derivation* 

To  begin.  It  Is  necessary  to  consider  the  situation  shown  In  Figure  91. 

Here  the  path  of  the  ray  of  light  Is  shown  as  it  passes  through  the  window. 

Also  the  vectors  and  most  of  the  symbols  used  in  the  analysis  that  follows 
are  shown  dlagranatlcally .  It  will  be  noted  that  the  situation  is  drawn  In 
only  two  dimensions.  Because  of  the  Increased  difficulty  of  performing 
tedious  algebraic  manipulation  for  the  three  dimensional  problem,  the  tracing 
of  skew  rays  will  not  be  attempted,  and  only  meridional  rays  will  be  considered* 

The  radii  of  curvature,  and  Ro,  are  assumed  to  be  very  large  so  that 
In  performing  the  algebraic  simplification  values  of  H /Ri  )?  (1  /  R>)^  andl/R,  D 
will  be  neglected*  It  will  be  assumed  that  the  index  variation  is  small  and  ^ 

that  It  only  changes  along  the  thickness  of  the  glass  and  not  the  height. 

The  index  variation  will  be  treated  as  though  the  glass  were  made  up  of  a 
scries  of  parallel  thin  laminae  each  with  different  index.  Thus  if  Snell *s 
law  Is  applied  at  the  air-glass  surface, 

sin  i  =  n,  sin  i* 


results.  Here  1  Is  the  angle  of  Incidence,  Hi  Is  the  index  of  the  first 
lamina  and  i'  is  the  angle  of  reflection.  II  the  laminae  are  parallel,  then 
the  angle  i'  becomes  the  new  angle  of  incidence  of  the  next  lamina  and  hence 
application  of  Snell's  law  gives 


n,  sin  i'=  n  sin  i" 

I  2 

It  will  be  seen  that 

sin  i  =  n  sin  i” 

2 

Successive  application  of  Snell's  law  gives 

sin  I  =  sin  i^ 


(65) 


(66) 


w}iere  n^  is  tlie  index  nearest  the  inside  surface  and  1^  is  the  final  angle 
cf  refraction  near  the  surface  in  the  final  lamina* 
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It  is  now  necessary  to  set  up  a  coordinate  system  relative  to  which 
the  ray  vectors  will  be  established.  The  origin  will  be  placed  In  the  center 
of  symmetry  of  the  window,  or  what  would  correspond  to  the  vertex  of  an 
equivalent  lens.  The  abclssa  will  be  taken  as  normal  to  the  surface  at  this 

point. 

The  propagation  vector  ^  Is  defined  as  one  which  has  the  dlz^ctlon 
cosines  of  an  Incoming  ray  of  Interest,  but  a  magnitude  equal  to  the  In^x 
of  refraction  of  the  medium  In  which  the  light  Is  propagating.  Taking  S 
to  be  In  the  air  medium  outside  the  glass,  and  O  "to  bhe  unit  normal  at 
the  point  of  Incidence  of  ^  with  the  glass  surface,  then  a  vector  analysis 
equivalent  expression  to  Eq.  (66)  Is  given  by: 

?  X  o  .  3 

Here  S«  is  the  light  propagation  vector  nearest  the  Inner  siirface  of  the 
wlndo^efore  refraction.  Equation  (6?)  may  be  rewritten  to  give: 

(y  5)  X  3  =  O 

If  the  above  expression  Is  accepted,  then  from  vector  analysis. 


(68) 


must  be  true  If  T  Is  some  scalar  quantity.  Equation  (68)  Is  a  general 
result  of  Snell's  law,  and  can  be  applied  wherever  the  use  of  Snell's  law 
Is  required.  Letting  be  the  propagation  vector  In  the  air  to  the  right 
of  the  window,  then  another  application  of  Eq.  (68)  results  in 


S 


(69) 


where  Q*  is  the  normal  at  the  second  surface  of  the  window  and  T  Is  the 
now  proportionality  constant. 


Since  it  is  desired  to  find  the  angle  between  S  and  S  f  (l*e.,  the 
angle  of  deviation)  it  *.rLll  be  necessary  to  write  an  explicit  expression 
for  in  terms  of  ^  and  the  window  parameters.  Combining  Eqs.  (68)  and 
(69)  one  obtains 


5'  =  s  +ro  +  r'o' 


(70) 


The  vector  or  crocs  p^duct  provl^des  a  simple  way  for  finding  the  magnitude 
of  the  angle  between  S  and  s. 

I  s  X  si  =  Is  I  I  si  sin  (s  s  ) 


1*  3  is  a  snail  angle. 


=  1-1  s  i  n  S 

=  s 


(71) 
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Using  Eqs.  (jO)  and  (7I) 

s'x  S  =  S  X  S  +  r  ox  S  +  r'o'x  s 

or 

S  =  r  o  X  s  +  r'(  o'x  s ) 

(72) 


All  that  is  required  now  Is  to  set  up  expressions  for  the  above  quan¬ 
tities  In  terras  of  the  window  pararaeters.  Let  be  the  first  radius  of 

curvature^  ^2  ^hat  for  the  second  surface,  dj^  the  height  that  the  ray  strikes 
the  first  surface,  dg  the  height  on  the  second  and  n^  the  Index  of  refraction 
near  the  Inside  surface.  If 


S  =  a  1  */3j 


(73) 


where  1  and  J  are  unit  vectors  along  the  x  and  y  axes  respectively  and  CL 
and  /j  are  the  direction  cosines  of  the  ra^^  relative  to  those  axes,  then  it 
Is  possible  to  also  write 


and 


or,  applying  the  approxlrantlon 


o 


and 

o  =  -1T  *  ^  J 

R, 

o'  =  -1  i  +  j 

Rz 

Ilcrzberger,  Reference  19,  shows  in  general  that  if 

T~» 

s  =  s  +  10 


(7^*) 

(75) 
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then 


(76) 


r=  v/rf*-  ♦(3  s)*  -  (o-s) 

Applying  Eq.  (76)  to  (68)  and  (69)  it  4*.  v  . 

{  9J,  it  la  shown  by  direct  substitution  that 

r=  /n/-  1  ♦  (3'.  ?)*  -(3  .?) 


and 


(77) 


r'=  /i  -  n;+  (o'-  s^)*  -(S'.  3^] 


(78) 


Gtant  and^IIly^3;nvclves^the^s^GtitutlS^of°tb^°"'  Proportionality  con- 

H,.  (t8,  can  8c 


ire  nee 


■»■  higher  order  terms 


(80) 
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Substltixtlon  of  Eq.  (80)  into  Eq.  (78)  results  in 


=  Jlo-sf*2/2(^  -^)  ^n^-l  +  (o-  3)*  - 

R2  Ri 

=  Ja^-  2a Z?-^  ♦  ~  ^  ^  ^  - 

= - . 

V  a  R,  a'  R;j  R,  »  f 

=  ±  a(1  -  ^ ±  ^(-^-^*  nf_  1  ♦  (o  •  s)*A 

ct  Ri  a  R,  R,  ^ 


(81) 


It  can  be  shown  that 


and 


3x3=  (-iG-a-^)  ‘k 


o'x  3  =  (-yG-a-^)l< 

Ro 


(82) 

k  is  a  unit  vector 


normal  to  i  and  j 


(83) 


\rncn  Eqs.  (73),  (7^),  (77),  and  (81)  are  substituted  Into  Eq.  (72),  the 
resulting  expression  is 


sinS  = 


ynf-1*(3  .3f  -  (-a./?-| )]  [-y3-a|-]  * 

+  (o  -3)®  ± 


Multiplication  and  algebraic  simplification  give  the  final  result: 

sin  S  =  (-^  /nf  -  /?*  ) 

Rj  R,  a  f  P 


(65) 


In  Eq.  (85)  the  "plus  or  minus"  sign  of  the  radical  has  been  carried 
through  the  calculation  because  It  Is  necessary  to  determine  which  sign 
gives  physically  consistent  answers.  To  aid  In  this  determination,  let  us 
make  the  approximation  that  d2  Is  given  by 


dg  =  ♦  t  tan  cf>* 


(66) 


Here  Is  the  angle  that  the  ray  makes  with  the  axis  after  entrance 

into  glass.  If  we  approximate  by 


wc  get 


sin  c^'  =  n^  sin  cj>* 

.  ,,  sin  ck‘ 

=  Jo 

/  n^  -  sin  cp 


(61) 


(88) 


Now 


hence 


a  =  cos<^  and  /]  =  sin  (p> 
inS  - 

R2  R2ynf-sirf^  R,  cos<^  •  'r 


Mviltiplying  out  this  result  gives  _ 

^  Ri  Rg  cos  9 

.-L(Sir^^  ^ 

Rp  sin0  ^ 

il'.G  result  qii'.''tcd  in  the  Vi<l\'a  ropoi’t  was 

sin  S  =  ~  '> 

R  Jxf  s\n^<p 


(89) 


(90) 
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If  =  R2  =  "the  negative  sign  is  chosen  in  Sq.  (  89)#  then  the 

first  term  vanishes  and  what  regains  is  the  same  as  Eq.  (90)-  This  alone 
should  be  sufficient  evidence  of  the  validity  of  Eq.  r35)  and  (89).  How¬ 
ever,  there  is  more  proof  that  this  equation  is  accurate.  Suppose  ^  is  set 
equal  to  zero.  Then  the  second  terra  vanishes  and  we  are  left  with 


sin  S=  d,(  -  ^)(1  ±  n.) 

R*  Ri 

A  close  look  at  Figure  91  reveals  that 


(91) 


=  -  a 


where  OL  is  the  angle  that  exists  between  the  first  and  second  surface  if  the 
angle  of  incidence  is  approximately  zero  degrees.  Substitution  into  Eq.  (91) 
results  in 


sinS=  S  =(+n^-1)a 

which  is  the  same  as 


S  =  a  (  n,  -  1  ) 


(92) 


if  the  negative  sign  is  chosen  in  Eq.  (89).  Referring  to  Eq.  (2m)  of  Jenkins 
and  \/hite,  Reference  20,  the  deviation  of  a  ray  for  a  thin  wedge  in  air  at 
near  normal  incidence,  is 


§  =  (n  -  1  )  a 


which  of  course  is  identical  to  Eq.  (92)  above.  Thus  there  exist  two 
entirely  different  proofs  that  verify  Eq.  (89)  if  the  negative  sign  is  chosen. 
Hence  the  final  result  is 


S 


=  d(J _ L)(:!^s.in^ 

R,  r/  cos 


jL  (— 

R  /r?-s]r?(b 

2  1  ” 


-tanS) 

X93) 


rqiiation  (93)  is  a  very  lirportant  result  since  it  predicts  a  posltlon- 
(■•ow. irate  doiiendence  for  deviation.  That  is,  t’no  angle  of  d./lation  not 
d'  .  .•ni.3  on  the  angle  of  Incidence,  but  also  on  wr.ere  the  ray  passes 
t;  r  the  window  with  I’espcct  to  the  "vertex"  of  tlie  window.  Furthermore, 
ihis  f;  :':  t  Ir-Yrj  ’  -y  be  rn  order  of  mc^gnitude  greater  thrui  the  second  (the 
Viii^  i-i  i.  c*  t  ..  \) .  yo:'’’ ti oral  d-p^ndcnce  also  indler-tes  that  the  ray 

v/ill  Ic  cb.vi'i.ttd  r-^sitively  or  negatively  fr/cn  the  incident  rao^  depending 
iK)on  wh;-lr.cr  the  ray  pacres  t'nrough  tl.c  window  above  or  below  the  vertex. 
Itiis  will  Ic  very  important  when  considering  resolution. 
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Sample  Calcxilation 


nils  calculation  vlll  be  limited  to  an  examination  of  the  effect  of 
pressure  on  the  deviation  of  the  Incoming  light,  nils  is  because  the 
calculation  is  much  easier  to  accomplish  and  there  are  fever  vinknovns. 

Eq.  (93)  vill  be  used  to  determine  deviations  because  a  flat  circular 
plate  does  not  form  a  spherical  surface  under  pressure,  nie  exact  shape 
of  these  surfaces  is  not  Inportant  for  use  in  Eq.  (93),  but  the  radius  of 
curvature  at  each  point  where  the  ray  passes  throu^  the  air-glass  inter¬ 
face  is.  The  value  of  this  radius  is  shown  as  a  function  of  x,  the  dis¬ 
tance  from  one  of  the  supporting  edges,  in  Figures  92  and  93 •  In  both 
cases,  the  physical  constants  for  fused  silica  were  used  and  the  pressure 
applied  was  ten  jiounds  per  squeure  inch.  It  will  be  noted  that  these 
figures  shew  that  the  reciprocal  of  the  radius  of  curvature  is  not  con¬ 
stant  but  obeys  a  parabolic  function.  The  squeue  plate  was  nine  by  nine 
inches,  simply  supported  at  two  of  its  edges,  and  the  circular  plate  was 
nine  inches  in  diameter,  simply  supported  about  its  circumference. 


The  radius  of  cxirvature  for  the  flat  plate  was  found  by  applying  the 
equation 


1  M 
R  ”  E  I 


(9^) 


where  M  is  the  moment  about  the  point  of  interest,  E  is  the  Young's  Modulus 
and  I  is  the  moment  of  inertia  of  the  area  of  a  cross  section  throiigh  the 
point  of  interest.  Roark,  Reference  I8,  page  102,  gives  the  moment  at  the 
point  X  for  a  simply  supported  beam  under  uniform  loading  as 


W  Is 


the  total  load  and  1  is  the  length. 


(95) 


For  a  square  piece  M  is  equal  to 


w  =  pp 

wlieie  P  is  the  pressure.  I  is  simply  given  by 


J.  6  D  I  (  X  -  xV  I  ) 

R  E  t’ 

equation  has  been  plotted  in  Figure  92. 


Tlius 


Tills 


(96) 

(9T) 

(96) 
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For  the  circular  plate,  the  situation  is  a  little  niore  complicated. 
On  pa^e  194,  Roark  gives  an  equation  that  relates  the  deflection  of  the 
plate  for  a  uniform  load  as  a  function  of  the  distance  from  the  center,  r. 
Again,  VLBe  is  made  of  Eq.  (63 )>  l.e.. 


K-1.-  iy**i 
R  (1  +  y'*)’'* 

Roark *8  equation  la 


(99) 


w  jcSm+llaf  ^  _r±  .  (3m.1)r^l 

^  ■  8'n-ErTft*|_2.(m+1)  2a®  m+1  J 

Then  y*  is  given  hy 

w‘  -d  V  .-3W(m®-1)  r4r®  .  g  (3m*1)rl 
^  ”d  r  ”  S-rrEm®!®  ^2a®  m -i- 1  J 

and 

_  -3W(m®-1 )  Per®  .  2(3m*1)r 
^  ■  8'rrEm®!^  |_a®  m+ 1 


3W(m^1) 

is  of  the  order  of  10"^ 

S'ttE 

and  hence  (1  +  y  *  ^ 

Thus  y  1  0“^^ 

(100) 


(101) 


(loe) 


It  is  a  good  approximation  then  that 


l_|w"|-  3W(m®-1)  Per®  (3m *1)2] 
r"  ^  ■  SrrE  m®t3  la®  m+1  J 


(103) 


Of  course  ra  is  the  reciprocal  of  Poisson’s  ratio  and  a  is  the  radius  of  the 
plate.  Tr~  rest  of  the  siontols  are  defined  above.  This  equation  is  plotted 
in  .'ijurc  ‘  J  for  the  sane  parameters  as  Figure  92. 


Considcrir'3  a  ray  passing  through  a  square  window  one  inch  from  the 
center  at  an  n.  ’e  of  22.5®,  it  is  easily  shown  that  the  ray  will  pass 
through  a  point  0.73  inches  from  the  center  as  it  emerges  from  the  gleiss. 
Figure  93  shows  the  radii  of  curvature  at  these  two  points  to  bo 

J-=  115.5x10*  inch  ^ 

Ri 

and 

1  =  118.5x10^  inch  ^ 

R 
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Substitution  into  Eq.  (93)  gives: 


c,  1(115.5 -118.5)  C1418_J)  +118.5(  ,3827-.414  2)l 
6=1  0.923  1-418  J 


=  3.9  =  A  sec.  of  arc. 
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rad. 


OPTICAL  TESTS 

Two  types  of  optical  tests  were  performed:  pressure  was  applied  to 
the  window  from  the  back,  and  heat  was  applied  from  the  front. 
cases  the  deviation  was  measured  by  projecting  a  collimated  beam  of  light 
through  a  glass  panel  and  measuring  the  shift  of  the  beam  with  an  auto- 
collimator  or  theodolite.  Most  of  the  deviations  resulting  from  pressuw 
were  measured  with  the  autocolllmator,  and  all  of  those  resulting  from  the 
heating  of  the  glass  were  made  with  the  theodolite.  It  was  found,  in  the 
latter  set  of  experiments,  that  the  theodolite  gave  greater  accuracy  than 
the  autocolllmator,  and  was  much  easier  to  use  and  interpret. 

Pressure  Test  Equipment 

The  pressure  tests  were  perfonned  in  two  ways .  The  first  tests  were 
made  with  the  glass  sample  movinted  In  the  front  of  a  large  pressu^  vessel. 
Nine  collimators  were  placed  in  back  of  the  window  so  each  beam  of  light 
passed  through  one  of  five  points  on  the  glass.  This  is  shown  schematically 
in  Figure  Only  square  pieces  of  glass  were  used  In  the  pressure  tests. 

On  the  ori^i.ial  test  fixtiire  three  pieces  of  glass  were  tested.  The  first 
two  were  one  inch  thick  and  the  third  was  one  half  inch  thick .  Before  the 
tests  were  completed  on  the  third  piece,  the  glass  ruptured,  Injuring  the 
technician  performing  the  investigation.  A  new  pressure  chamber  was  con¬ 
structed  by  adapting  a  large  steel  pipe  so  that  the  window  mount  could  be 
attached  to  the  front,  and  an  alvimlnum  plate  bolted  to  the  back.  A  nozzle 
was  attached  to  the  back,  and  a  piece  of  aluminum  placed  on  the  inside  to 
diffuse  the  incoming  air.  A  single  collimator  was  placed  Inside  the  ch^ber 
and  supported  by  a  steel  plate  across  the  bottom.  The  pressure  was  controlled 
by  a  pressure  regulator  from  the  plant  air  soxirce. 

In  each  case,  the  gloss  was  clamped  such  that  the  clamps  extended 
vertically  along  the  two  edges.  Tlie  glass  was  sealed  from  the  inside  against 
Ical'.age  by  filling  the  void  between  the  glass  and  the  opening  in  the  window 
mount""with  RTV-60  silicone.  Also  a  gasket  was  placed  between  the  window 
mount  and  the  pipe  to  prevent  leakage. 

In  the  early  experiments,  the  collimator  design  was  such  that,  the  lens 
was  potted  in  place  with  RTV-60,  a  rubbery  compound  that  has  some  bubbles 
in  its  structure  when  it  cures.  It  was  felt  that  these  bubbles  were  compres- 
cir.^  ur.dGr  orossure  and  shifting  the  position  of  the  collimating  lens.  This 
could  lend  to  lar-e  ^ensured  values  of  deviation  even  though  they  were  not 
the  result  of  changes  in  window  curvature.  To  correct  this  situation,  the 
r\TV-60  was  removed  from  the  lens  mount  and  replaced  by  a  metal  amalgam  that 
v:as  tamped  firmly  in  place.  It  was  felt  that  no  significant  compression  of 
this  material  would  result.  The  collimator  is  shown  in  Figure  95* 

This  collimator  was  placed  in  the  second  chamber  such  that  the^angle  of 
Incidence  of  the  collimated  beam  was  22.5  bhe  first  case,  and  0  In  the 
.second.  Ihe  deviations  were  measured  and  found  to  be  essentially  the  same 
as  wore  measured  in  the  earlier  tests  using  the  large  pressure  chamber. 

These  results  Indicated  that  the  earlier  measurements  were  valid  and  that 
the  large  deviations  were  fundamental  as  was  shown  by  later  analysis 
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(See  page  93  of  this  report).  The  niost  convincing  demonstration  of  thla 
was  that  the  same  collimator  was  used  for  both  0°  incidence  and  22.5° 
incidence,  and  the  two  sets  of  measureroenta  were  entirely  different  (See 
Figure  102  of  this  report). 

Pressure  Test  Results 


Figures  96  through  102  are  a  presentation  of  the  test  data  in  graphical 
form.  The  curves  show  the  data  points  and  a  broken  line  indicating  the  trend 
of  the  data.  The  solid  line  is  the  predicted  value  of  deviation  for  that 
position  on  the  glass  at  the  corresponding  angle  of  incidence.  This  curve 
is  based  upon  Eq.  (93)  ond  the  calculation  of  the  radii  of  curvature  derived 
in  Equation  (98)‘  The  last  cuive  in  the  set.  Figure  102  shows  the  reading 
tcade  for  0  =  22.5  degrees  In  the  small  chamber  using  the  modified  collimator. 
Another  reading  was  made  at  O*^  with  the  same  collimator  in  the  same  aperature 
but  no  deviation  was  observed. 

Conclusions 


Qualitative  agreement  between  experimental  results  and  later  theorj'  has 
been  established: 

(a)  Ivcasured  deviations  are  in  proper  direction. 

(b)  Deviations  are  a  direct  function  of  angle  of  incidence. 

(c)  Deviations  are  functions  of  the  radial  distance  from  the 
window  "vertex"  at  which  the  light  passes  through.  Both 
the  magnitude  and  direction  of  the  measured  deviations 
a^^rce  with  theory. 

Qv''-"ti;- ■  V t’  "  I  rc 'ults  ai*e  in  fair  agreement  with  predicted  values, 
tl'.e  l'’:f;e;'t  di  o:  ,  -  y  being  a  factor  of  3*  lb  is  believed  that  the  dls- 
civpci'.cy  m  y  c  . '  :o  n  apr  roxi  ?"vt ion  is  used  in  the  prediction  of 

deviation  by  ih*:  •  Lr.ud  thin  shells.  Since  the  experimental  measurement 
is  quite  sensitive,  it  ray  be  that  this  approximation  is  not  sufficiently 
accurate.  Another  possibility  is  that  the  physical  property  data  for  the 
glass  are  not  accurate. 

To’^erature  Tost  Eeoipment 

In  the  temperature  tests  the  glass  panels  were  heated  by  reidlation  from 
several  quartz  lamps.  'Tnermocouples  were  attached  at  eight  locations  on  each 
panel.  Figure  IO3,  by  inee.ns  of  Sauereisen  cement,  and  covered  with  aluminum 
Insulating  tape.  The  temperature  measured  by  each  thermocouple  was  monitored 
every  two  minutes  on  a  Minneapolis -Honeywell  multichannel  recorder.  As  the 
temperature  and  tempere.ture  (  j  vdient  changed  over  a  period  of  time,  deviation 
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of  ll^t  throiagh  the  pcinel  was  measured  with  a  Wild  theodolite.  Several 
difficulties  were  encountered  In  making  measurements  of  the  effect  of  tem¬ 
perature.  First  the  Image  of  the  collimator  cross  hair  as  seen  throu^ 
the  theodolite  was  not  stationary.  Ihls  was  due  to  the  fact  that  the  heated 
air  throtifi^  which  the  collimated  team  passed  was  very  turbulent.  However 
by  aligning  the  theodolite  to  the  ’’average**  position  of  the  projected  Im^, 

1^  T»i y  accurate  trend  was  established.  To  verify  that  this  trend  was  a 
result  of  window  exirvature,  and  was  not  due  to  Index  variations  In  the  air, 
the  window  was  ino\inted  Inside  a  vacuum  chamber,  and  the  deviations  were 
read  by  viewing  the  deviated  beam  as  It  emerged  through  a  small  window  in 
the  chamber.  A  check  was  made  on  this  chamber  window  to  verify  that  it 
did  not  contribute  to  the  deviation.  The  trend  established  In  these  tests 
was  about  the  same  as  those  read  In  the  open  atmosphere.  Another  problem 
that  produced  reading  enrors  was  the  washing  o\it  of  the  Image  due  to  visible 
light  reflected  by  the  window  Into  the  theodolite  from  the  quairtz  lamp. 

Ihls  resulted  in  severe  contrast  reduction  and  caused  difficulty  In  reading 
the  deviations  accurately.  This  situation  was  Improved  by  Increasing  the 
brightness  of  the  collimator  Image.  Finally,  some  of  the  temperatxire  readings 
were  Inaccurate  because  the  cement  holding  the  thermocouples  to  the  glass 
did  not  adhere  throughout  the  test.  However,  near  the  center  where  the  beam 
passed  through  the  glass,  the  thermocouples  did  not  break  away.  Thus  it  Is 
felt  that  the  teraporatiue  at  these  points  were  fairly  accurate.  In  the 
vacuum  chamber  tests,  the  thermocouples  adhered  to  the  glass  throughout  the 
tests.  The  setup  is  shown  in  Figures  104  and  IO5. 

Temperature  Test  Restilts 

Figures  IO6  through  128  are  graphical  presentation  of  the  data  obtained 
in  the  temperature  tests.  The  temperatures  are  shown  as  a  function  of  time 
for  eight  points  on  the  window.  The  positions  of  these  eight  points  are 
shown  in  Figure  129 .  The  solid  line  In  each  case  is  the  temperature  curve, 

"the  triai'gles  represent  the  optical  deviation  data  points,  and  the  connecting 

j«Qpj»QSonts  the  trend  of  the  deviation  data.  The  data  were  plotted  In 
such  a  vevy  that  if  the  angle  measured  was  greater  than  the  initial  angle, 
the  deviation  was  recorded  as  positive.  If  the  angle  measured  was  less 
than  the  initial  angle,  then  the  deviation  was  recorded  as  negative.  The 
legend  on  each  page  describes  the  conditions  \mder  which  the  test  was  conducted. 

Conclusions 

Qnal-it.'vtlvo  r  ^rcr-Lcnt  between  exi?eriraental  results  and  the  modified 
theory  described  in  this  report  has  been  established: 

(a)  Measured  deviations  are  in  proper  direction. 

(h)  Deviations  are  a  direct  function  of  angle  of  incidence. 

(c)  The  radial  distance  from  the  center  of  the  panel  at  which 
the  light  passes  through  the  window  influences  the  degree 
of  deviation.  Both  the  magnitude  and  direction  of  this 
effect  is  corroborated  by  the  tests. 
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Quant ItatiTely^aereenent  la  difficult  to  obtain  because  the  preeiae 
teoiperature  distribution  la  not  known  throuf^  the  glass.  Before  exact 
calculations  con  be  obtained,  these  distributions  must  be  known.  Adldl« 
tlonally,  the  edges  of  the  glass  panels  vers  constrained  because  of  the 
necessity  of  holding  the  panel  uprl£^.  It  la  believed  that  this  con¬ 
straint  prevents  the  glass  from  expanding  linearly,  and  thus  causes  it 
to  bow.  This  results  In  a  greater  surface  curvature  than  would  be 
expected  from  temperature  distribution  alone. 
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FIGURE  ^ 

SCHM/\TIC  DRAOTIG  OF  IHE  IMAGE  SPACE  SHOWHIG  IHE  POSITION  AND 
DI/MET?R  OF  '[RE  EXIT  RJFIL,  THE  ANGLE  OF  OOITVERGENCE,  THE 
RADIUS  OF  'LHS  ELUR  CIRCLE,  AND  THE  POSITION  OF  THE  IMAGE  PLANE 
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GRAPHICAL  PRiiaiillTATIOU  OF  TOL^IlABLb;  VJINDOW 
PO.diR,  ILuASURiuD  IH  KOIJGiuS  OV^uR  A  2  HIGH 
APrKTURi,  FOil  VARIOUS  FOCAL  LlSIGTH  I-uNSrS, 
F-STOP  SJTTIIiuS  AIID  IZITRIiCSIC  a\?/BILITLiS. 
THS  SOLID  LINSS  RiiFRiS^?IT  ICO  DiCciALATlON  OF 
THiS  IIAGS.  raS  BROrouII  LIILiS  R^uPHLoi^IIT  A 
10^  DEGRADATION  IN  ‘iliu  ILuSOLUTIOlI, 


FIGURE  62 


GR^HIC-i  PRt^iilTATIOn  OF  TOI^iABLS  V.II.'DO./ 
PO.AilH^  l-iiiiiilliLiD  IN  OVsud  A  2  IFCH 

APGxiiuiL::,  poa  v.jiiouii  focAL  lcisJo. 

F-3T0P  SETTINGS  AND  INVHii.’sic  C.'J’AblLI'TJ^^. 
THii  SOLID  LIMNS  RNPiLS^i.r  i.o  d..gmad..at:l:;  of 
i-Hrj  li-iAGN.  TUN  EMOIZNN  LIMJ^  A 

10;o  DiiGiL\DATlOW  Hi  TilN  rt-»-ULUilL':J. 
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F^ingof  over  2* 


FIGURE  63 


aSAPHZCAL  FRESENTATION  OF  TOLSaABUS  WINDOW 
FOaSRf  mJSUBtiD  III  FRINGcS  OVER  A  2  INCH 
APERIUBBf  FOB  VARIOUS  FOCAL  LbNGIH  liNSiiS. 
F-STOP  SSTHNOS  AMD  INTRINSIC  CAPABILITIiJS. 
THE  SOHO  IJMriS  RfiTRoSINT  NO  O&GRAOATIOll  OF 
Tftt  IMAGE.  THS  BROKEN  IINc3  Rl;PAi:.S£NT  A 
UOIt  DBGRAOATION  IN  THS  RESOLUTION. 
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FIGURE  63 


Test  arrangement  to  cheek  the  effect  of 
vindov  sanqples  on  the  image  formckl  from 
a  colUmator  beam. 


FaGURE  66 


Interferometer  with  vindov  sample 
test  position. 

116 


in 


FIGURE  67  InterferoBoeter  frlzige  pattern  without  wlndcw 
glass  in  test  position.  This  represents  the 
ideal  pattern  for  spherical  power. 


FIGURE  68  Window  senqple  A  in  test  position.  Circle  at 

right  represents  coUloator  objective  diameter 
(1.5  In.)  on  the  scale  of  the  photograph. 
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FIGURE  69  Windw  Safl?)le  B  in  interferooeter  test  position 


Window  Saii5)le  C  in  interferometer  test  position 
Circle  at  right  represents  the  diameter  of  the 
coXllisator  objective  (1.5) 
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figure  70 


FIGURE  71  Interferoneter  pattern  for  vlndov  sample  D 


FIGURE  72  Interferoneter  pattern  for  vlndov  sample  E. 

Circle  at  right  represents  the  collimator 
objective  diameter. 
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FIGURE  73  Interferometer  pattern  for  glass  sample  F 


FIGURE  Interferometer  pattern  for  glass  sanqple  G. 

Circle  at  right  represents  the  diameter  of 
the  collimator  objective. 
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FIGURE  75  Interferooeter  i>attern  for  glass  sanqple  H. 
Circle  at  right  represents  collimator 
objective  diameter. 
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Test  Setup  for  Photographing  Test 
Fringe  Pattem 
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FIGURE  77  Fringe  pattern  produced  "by  tiro  te«t  flats 


FIGURE  78  Fringe  pattern  produced  ty  test  flat  and 
uncoated  surface  of  vlndov  sample  A. 
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figure  79  Fringe  pattern  produced  by  test  flat  and  window 
sai]q>le  B* 


FIGURE  80  Fringe  pattern  produced  by  teat  flat  and  window 
8aBq>le  C. 


12U 


FIGURE  8l  Fringe  pattern  produced  by  test  flat  and  window 
saople  D. 


FIGURE  82  Fringe  pattern  produced  by  test  flat  and  Window  E. 
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FIGURE  83  Fringe  pattern  produced  by  test  flat  and  vlndov 
sanQ)le  F. 


FIGURE  84  Fringe  pattern  produced  by  test  flat  and  vindow 
sample  G. 
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Ca'af-h  of  tho  Product  of  devolution  and  Focal 


a  Piincticn  of  the  dil'ferGiice  in 
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FIGU.Li  89 


Graph  of  Index  of  Refraction  versus  Tenn:)erature  for  Fused 
Sijdca  Glass  i^940 
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fIGURB  91 

Dla^raa  of  Ray  Trace  Showliis  Propagation  Vectors,  Vomal  Vectors 
tbe  Coordinate  System,  and  the  Ansle  of  Deriatloa. 


FIGURE  92 


Curvo  of  the  Equation  of  Curvature 
for  a  Square  Plate 


133 


FLGUiic  93 

Curve  of  the  ^nation  of  Curvature 


for  a  Circular  Plate 


Tigaxm  94  Dlagrea  of  Presoxxro  Test  Setop^  ShovlnS  Locatloa  of  CoUloators 
la  Preesur*  Vessel 
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LOGARITHMIC  359>I10 
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Llf^ht  deviation  versus  rrcsuure  for  fused  SllicQ  Glass 

9"  X  X  1”  .  at  '^3  Der;r^cs  An^lc  of  Incidence,  for  a  point 
3"  from  Vertex 
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PRCSSURE 

FiGURi':  99 

i('ht  r'ovint'rn  /crJus  J  r-'.^wurc  ff  r  Fiu:<^d  Gil  icn 
^f'jhO  x  9"  x  1".  at  t5  f a'ji'ta''.';  AncJe  of 

In<”U.cn<’ ; .  ”  r  a  !  '  ’at  1"  f  i'  :n  Vi-rtox 


logari'hvic  359-1  TO 
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Licht  Deviation  veraua  "''on.ire  for  fused  olllca  ,y' 9^>0  Glass, 
C'"  X  9”  X  1",  at  .2.'^  De,-re  s  /u'.elc  of  Incidence,  for  a  Point 
1"  frort  Vertex.  (CcG..nd  Cnember) 
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Temperature  -  Degrees  F  Dtristion  -  See 


Teinperature  -  Degrees  F  Deviation  -  See 


Figure  107.  Teisperatxire  and  Light  i^eviation  verstis  Time,  Test  llo,  2 
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Teoperatur*  -  Degreea  _  DeviaUon  -  Sao 


Fieure  108^  Tenperatxire  and  Li^ht  Deviation  versus  Time,  Test  No.  3 
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Teii5>erature  -  Degrees  F  Deviation 


Figure  lOSU  Tec^jerature  and  Liglit  Deviation  versus  Time,  Test  No.  4 


I 

I 

40 


0 


400 


300 


200 


100 


151 


Teinieraturo  -  Degrees  F  DeviaUon  -  Sec 


Ficure  110,  Tcrperature  and  LL^ht  Deviation  versus  Time,  Test  No.  5 
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Temperature  -  Degrees  F 


Figure  111.  Ten5)erature  and  Light  Deviation  versus  Time,  Test  No.  6 
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leiaperatur*  -  Degree,  F  DeidaUon  -  Sec 


Figure  112..  Temperature  and  Light  Deviation  versus  Time,  Test  No.  7 


Time  —  Minutes 


Tecixirature  -  Degrees  F  Deviation 


Figure  .113*  Tenperatxire  and  Light  Deviation  versus  Time,  Test  No.  8 
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Tetperature  -  Dogrees  P  Deviation  -  Sec 


Flgiire  llU.  Temperature  and  Llcbt  Deviation  versus  Time ,  Test  Ho.  9 


0  20  AO  60  80 

Tl2:ie  >  ^JJlutes 

■LJO 


Tecperature  -  titsrMs  K  DarUUon  -  Sec 


Figure  .115 •  Temperature  and  light  Aviation  versxis  Time.  Teat  No.  10 


‘iae  -  l-inutes 
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Figure  ll6.  Temperature  aiti  Light  Deviation  versus  Time,  Test  No.  11 
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TeiiQ>eraturd  -  Degrees  F 


Figure  117.  Tenperature  and  Liglt.  Deviation  vers\is  Tiiae,  Test  No.  12 


Teuperatur*  -  Dagrees  P  DtTlaUon  -  See 


Figure  U8.  Tecperature  and  Li^it  Deviation  versus  Time,  Test  No.  13 
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Figure  119.  Tenperature  and  Light  Deviation  versus  Time,  Test  No.  14 
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Figure  120.  Temperature  and  Lijht  Deviation  versia  Tiine,  Test  No.  35 
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Figure  121,  Temperature  and  Light  Deviation  versus  Tiiae,  Test  No.  16 
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Figure  123 .  Tenperature  and  Li^t  Deviation  versuB  Hob,  Test  No.  20 
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Figure  1^.  Tenperature  and  Light  Deviation  versus  Time,  Test  No.  21 
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Iteaperature  -  Dogma  P  Doviation  -  Soc 


Figure  125.  Temperature  and  Light  Oeviatioa  versus  Time^  Test  No.  22 


0  20  40  60  80  iOO 

Time  -  1  Anutes 
167 


TWqparftturt 


Figure  126.  Teiqpcrature  and  Ia.ght  Deviation  versus  Time,  Test  No.  23 
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Angle  of  Incidence,  0  degrees 
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Tenpepatur*  -  Dagreas  F  Davlatioa  -  Sec 


Figure  127*  Tenpcrature  and  Light  Deviation  versus  TLaie,  Test  No*  24 
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Figure  128.  Teirqoeratujro  and  Light  Deviation  versus  lime.  Test  No.  25 
Glass  I''x9"x9'* 

Colimator,  left  side;  Angla  of  Incidence,  0  degrees 
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Section  YI 


LUMINOSmf  TEST  PROGRAM 


One  phase  of  the  laboratory  testing  was  an  attend  to  determine  experi¬ 
mentally  the  dependence  of  optical  deviation  and  resolution  on  boxandairy 
layer  refreu:tlon,  shock  vave  Interference,  and  Ixunlnoslty.  It  vaa  Intended 
to  produce  luminosity  In  the  gas  layer  over  a  vlndov  In  a  shock  tube,  and 
meas\ire  the  effects  of  this  luminosity  on  photographic  Image  quality.  Unfor¬ 
tunately,  the  cost  of  the  experiment  became  prohibitive  and  the  tests  vere 
not  carried  to  coaq>letlon.  That  portion  which  was  completed  may  contain 
useful  Information  for  subsequent  related  programs,  and  Is  reported  in  the 
following  paragraphs. 


TEST  CONDITIONS 

With  the  test  facilities  available  It  seemed  feasible  to  produce  a 
luminous  condition  with  full  flight  simulation  In  the  RAA  shock  tunnel. 

It  was  also  Intended  to  run  a  higher  Mach  munber,  which  woxild  not  provide 
full  simulation,  but  wotild  produce  greater  l\imlnoslty.  The  luminous  region 
for  the  particular  test  conditions  to  be  \ised  was  based  upon  the  work  done 
by  Vidya,  Inc.,  References  1  and  2.  Since  the  accuracy  of  these  computations 
was  not  claimed  to  be  better  than  one  order  of  magnitude.  It  was  not  possible 
to  determine  beforehand  %rhether  luminous  conditions  would  actually  be  obtained. 

Test  conditions  and  goals  established  for  the  testing  program  were  as 
follows: 

Observations  through  a  non-lumlnous  botmdary  layer  will  utilize 
a  low- temperature  gas  In  the  shock  tunnel.  This  observation 
will  be  made  by  collimator  readings  throu^  a  boundary  layer 
created  by  a  thick, blunt  leading  edge,  and  comparing  them  with 
readings  taken  through  a  layer  created  by  a  sharp  leading  edge. 

Similar  observations  will  be  made  for  a  higher  Mach  number 
luminous  layer.  In  addition  It  Is  Intended  to  determine  the 
fogging  produced  on  photographic  film  by  the  liunlnous  layer, 
to  exi)erlmentally  verify  predictions  of  the  amovmt  of  luminosity 
exhibited  by  a  high  Mach  number  boundary  layer. 

The  model  should  be  as  simple  as  possible,  with  three  angles  of 
attack  (O,  15,  and  50)*  The  test  section  will  require  a 
transparent  section  through  which  a  lighted  resolution  target  can 
be  photographed.  It  Is  estimated  that  the  laminar  boundary  layer 
surface,  sharp  leading  edges  and  window  fit  in  the  surfaces  shoxild 
be  made  with  an  approximate  surface  roxighness  of  less  than  five 
mlcrolnches,  to  keep  the  growth  of  the  laminar  boundary  layer  and 
the  number  of  shock  lines  to  a  minimum.  The  model  mounting  should 
be  GO  designed  that  the  flat  plates  with  windows  on  each  side  may 
be  used  to  observe  a  two-dimensional  heat  transfer  model  between 
them  (solid  opaque  material)  which  has  the  same  internal  surface 
os  presented  by  the  test  surfaces  except  rotated  90  degrees. 
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This  is  in  the  expectation  of  prorldlng  a  photocpraph  of  the 
shock  profile  for  the  luminous  tunnel  conditions  as  veil  as 
heat  transfer  data  for  the  several  angles  of  attack,  nie 
use  of  gfiepa  vlU  be  required  alons  the  centerline  to  get  a 
chordvlse  distribution  of  the  heat  transfer  to  the  sxurface 
of  Interest. 


nST  FROGEDURBS 

Preliminary  tests  vere  conducted  on  a  dum^/  model  before  construction 
of  the  actual  model.  Sie  puxpose  of  the  test  was  to  determine  the  blov 
time  after  a  satisfactory  start.  This  test  showed  that  blockage  of  the 
model  was  too  large  to  obtain  satisfactory  tunnel  starts  at  the  desired 
stagnation  ten^ratures.  Theoretical  calculations  also  showed  that  fhll 
fUfi^  simulation  could  not  be  achieved  In  the  l6  Inch  square  nozzle  being 
used,  due  to  the  short  run  time  and  large  throat  requirements,  but  dupli¬ 
cation  could  be  obtained  at  M  10  In  the  12  Inch  round  nozzle. 

The  model  vas  redesigned  to  reduce  txinnel  blockage,  and  provisions 
vere  made  to  allow  the  model  to  be  Installed  In  either  the  12  Inch  roimd 
nozzle  or  the  l6  Inch  square  nozzle,  nms.  If  the  blockage  vere  too  large 
In  the  round  nozzle,  data  could  still  be  obtained,  albeit  Imperfect,  In  the 
larger  appeiratus. 

During  this  entire  period  It  was  confidently  expected  that  useful 
experimental  data  would  accrue  from  this  admittedly  secondary  aspect  of 
the  program.  However,  with  model  construction  approximately  complete, 
a  re-assessment  of  costs  was  made  and,  in  view  of  the  limited  budget  of 
the  overall  program,  the  value  of  pursuing  the  shock  tuzmel  testing  at  the 
expense  of  other  aspects  of  the  program  became  difficult  to  Justify.  Since 
there  vas  no  guarantee  that  further  tests  would  be  entirely  successful  la 
either  of  the  two  nozzles.  It  vas  decided  to  discontinue  further  work  In 
this  area.  The  ASD  Program  Manager  conciirred  that,  while  the  experimental 
measurement  of  luminosity  would  have  been  of  vide  Interest,  It  vas  Impossible 
to  sustain  the  rate  of  Investment  for  that  work  within  the  funding  of  the 
present  contract. 
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Section  TZZ 


SE»CIURAL  EE31G1 


SECnOV  SOMMRT 

Based  on  tbe  experience  aecutailated  during  previous  designs  of  vlndom 
for  supersonic  and  l^ypersonic  vebicles  at  Sbrth  Aaerlcan  Aviation,  design 
criteria  vere  evolved  for  \tse  In  this  particular  prograa.  fhese  criteria, 
against  vhlch  the  design  ideas  vere  to  he  Judged,  Included: 

a)  Maintenance  of  aerodynaalc  saoothness  at  high  tetqeratares 

h)  Continuous  aalntenaace  of  a  pressure  seal 

c)  Maintenance  of  structural  integrity  of  tbe  vlndov  asterlal 

With  these  guide  lines,  and  vlth  the  thexiDodynaale  data  previously  aecussilated 
for  the  various  trajectories  of  Interest,  several  designs  vere  produced  for 
hlgh-tenperature  vlndov  oounts.  The  best  of  these  designs  are  Included  in 
this  report.  Figures  130  -  13^  •  These  designs  are  believed  to  be  strueturaUgr 
sound,  and  should  be  sppllcable  for  use  In  a  Eynasoar-type  vehicle. 


BESIGI  CRITERIA 

The  design  of  a  hlgh-teiqperature  vlndov  mount  Is  conplleated  by  the 
requirement  that  the  system  vlthstand  a  vide  range  of  teoperatures  during 
a  fairly  brief  time  cycle.  Thus,  in  addition  to  being  resistant  to  daaage 
by  heat,  It  oust  also  maintain  Its  structural  Integrity  vhen  exposed  to 
thermal  shock.  Teopered  glass  Is  generally  u'sed  In  structural  applications 
because  of  Its  ability  to  vlthstand  high  tensile  loadings  vhlch  occur  during 
pressxirlzatlon  or  thermal  shock.  This  ability  Is  due  to  the  stress  distri¬ 
bution  of  unloaded  tenured  glass  vhlch  has  high  compressive  stresses  on 
the  surfaces  balanced  by  Internal  tensile  stresses.  Since  pressurized  glass 
structiire  almost  alvays  falls  In  tension  at  an  edge  (more  rarely  at  a  surface) 
but  almost  never  Internally  or  In  compression,  tempered  glass  Is  able  to  with¬ 
stand  coosparatlvely  high  tensile  loading.  This  has  the  effect  of  reducing 
the  cocpresslve  stresses  In  the  fall-prone  surfaces  vhlle  Increasing  tension 
internally  vhere  failure  vlrt\ially  never  occiirs.  As  tempered  glass  cannot 
be  used  In  an  optical  system  because  of  Its  refractive  properties,  extra  caum 
must  be  taken  to  design  for  lover-strength  glass  under  highly- loai^d  conditions. 
Specifically,  a  vlndov  mount  for  a  hypersonic,  Eynasoar-type  vehicle  onast  be 
Jiidged  according  to  three  basic  criteria: 

(a)  Maintenance  of  aerodynaalc  smoothness 

(b)  Maintenance  of  pressure  seal 

(c)  Maintenance  of  structural  stability 
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Vlthout  aerodynasiic  smcxjttmess  the  flaw  of  air  past  the  vlndov  voiald  b« 
seriously  liBpededf  resulting  In  excessive  turbulence  and  excessive  heating 
of  the  vehicle.  As  the  vehicle  velocity  Increases,  the  smoothness  beeomss 
more  critical.  If  the  themal  exx>anslQn  of  the  glass  could  be  made  to  natch 
the  expansion  of  the  surrounding  structtire,  tl^  smoothness  eould  be  easily 
maintained.  Unfortunately,  the  glass  Is  part  of  an  (^Ical  system,  and  a 
lov  expansion  Is  desirable.  The  best  approach  Is  to  design  the  vlndov  to  be 
flush  vlth  the  surrounding  structure  during  that  pcurt  of  the  trajectory  vben 
the  vlndov  Is  hottest,  at  Its  extreme  expansion.  At  other  points  In  the 
trajectory,  vhen  the  glass  Is  cooler  and  the  adverse  effects  of  air  turbu¬ 
lence  are  less  detrimental  to  the  vehicle,  there  vlU  be  a  slight  gap  In 
the  contour. 

If  the  pressure  seal  around  the  vlndaw  vere  not  maintained  for  the  dura¬ 
tion  of  the  flight,  the  ccnpartment  air  supply  eystem  vould  become  overloaded. 
It  Is  also  necessary  to  maintain  the  seal  In  order  to  prevent  explosive  decom¬ 
pression,  which  vould  result  In  possible  damage  to  vehicle  and  camera. 

Loss  of  structural  stability  Is  taken  to  mean  breaking  or  cracking  of 
the  glass  due  to  thermal  or  mechanical  stress  Imposed  on  the  glass  by  the 
flxnint.  It  Is  assumed  that  the  glass  Itself  vlU  withstand  the  thermal,  environ¬ 
ment.  Breaking  or  cracking  of  the  glass  vould  result  In  a  pressure  leak 
axid/or  a  degrading  of  Image  quality.  Ihe  mount  must  be  designed  to  be  flexible 
and  strong  xmder  all  conditions  to  be  encountered  during  any  specific  flight. 


WINDOW  MOUNT  DESIGN 
Basic  Mount 


Evolution  of  a  typical  basic  vlndov  moxmt  design  for  a  Dynasoar-type 
vehicle  Is  shovn  in  Figure  130  reading  from  the  right-hand  part  of  the 
drawing  to  the  left.  Type  B-66  columblum  vas  selected  as  the  mount  material 
because  of  Its  strength  and  durability  at  fairly  high  temperatures.  The 
primary  mount  Is  H-shaped  In  section,  with  rounded  surfaces  contacting  the 
glass.  At  room  temperature  the  outer  surface  of  the  window  Is  slightly 
indented  and  bevelled  vlth  respect  to  the  plane  of  the  mount.  The  slack  is 
taken  up  when  the  glass  expands  with  terperature  .nnd  rides  up  the  inclined 
surface.  Tne  periphery  of  the  glass  is  surrounded  by  a  resilient  Insulator 
such  as  "Fiberfrax."  (F.ecent  tests  at  North  American  indicate  that  a 
ceramic  insulator  such  as  "rCaowool"  has  even  tetter  stability  at  temperatures 
to  2800  F).  Actual  support  of  the  glass  at  its  periphery  is  accomplished 
by  means  of  columbiuni  springs  at  the  tend  on  each  surface.  Contact  between 
spring  and  glass  Is  avoided  through  the  use  of  insulation,  in  order  to  pre¬ 
vent  hot  spots. 

The  pressure  seal  is  maintained  by  rreans  of  a  columblum  foil  pressed 
flat  along  the  outer  edge  of  the  inboard  glass  surface.  Internal  or  environ¬ 
mental  air  pressure  on  the  foil  forces  It  into  intimate  contact  with  the 
glass  over  a  relatively  large  surface  area,  preventing  leakage.  The  foil 
is  held  flat  by  a  wire  hoop  riPig  attached  at  the  inside  diameter  of  the  foil 
washer.  This  also  prevents  the  possibility  of  rupturing  of  the  foil  due  to 
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hoop  tension  loads.  The  design  Is  self«adJastliiK,  l.e.,  as  the  teapezatoxn 
chaises,  the  aoimt  confl^^urstlon  also  chais^,  la  a  direction  nhldi  — 
the  seal.  9ie  only  feature  of  the  design  that  could  he  considered  undesir¬ 
able  Is  the  coneare  radius  vhlch  aost  he  ground  at  the  edge  of  the  outside 
surface.  9ils  necessary  feature  Increases  the  cost  of  the  vlndov  and,  if  tbm 
grinding  procedure  is  not  perfomed  correctly,  could  veaken  the  glass,  low- 
erer,  if  reasonable  care  Is  exercised  In  the  grinding,  and  If  the  sharp  edge 
at  the  outer  surface  is  -very  lightly  chaafered,  no  daaage  should  be  ea^eeted. 

Extensions  of  Basic  Design 

Figures  131  through  1-3^  are  logical  progressions  of  the  basic  aount  of 
Figure  130.  In  the  design  of  Figure  I3I  the  foxaed  eoluid)iuo  retainer  is 
Bodlfled  in  configuration  In  order  to  proride  a  aore  poaltlre  retention  of 
the  glass  panel  at  all  tenperatures.  Ihe  other  design  features  of  Figure 
130  are  retained. 

Figure  132  Is  an  laaglnatire  approach  to  oolrlng  the  problea  of  differen¬ 
tial  expansion  of  glass  and  aetal.  Here  saall  cylindrical  tubes  are  placed 
around  the  periphexy  of  the  ring  aount,  each  tube  haring  an  expandable 
bellows  at  one  end.  Ihe  tubes  and  bellows  are  filled  with  nitrogen  gas, 
vhlch  expands  at  elerated  tcopexatures .  As  the  glass  expands.  It  exerts 
force  against  the  ring  aount,  and  the  resultant  claoping  action  of  the  aount 
on  the  glass  holds  the  glass  steady  even  at  hl^ier  tenperatures . 

At  higher  temperatures  columbiua  may  tend  to  lose  its  spring  constant. 
Figures  133and  13^  show  how  a  graphite  tape  nay  be  used  as  an  additional 
support.  Ihe  "Flberfrax”  insulation  takes  up  shock,  and  the  resilient 
"Graphoil"  tape  holds  the  insulation  in  place.  In  Figure  133  a  segmented 
graphite  strap  Is  used,  while  in  Figure  13^  a  full  strap  is  shown  as  the 
holding  mechanism  to  keep  the  glass  steady.  The  fill  strap  nay  be  easier 
to  fabricate. 

Conclusions 


The  designs  presented  in  Figures  130  through  13^  are  for  a  typical 
hypersonic  vehicle.  The  mounts  provide  for  the  maintenance  of  structiural 
stability,  aerod^’Tiomlc  smoothness,  and  pressurization  during  fll^t.  Ihese 
concepts  are  flexible  enough  to  be  used  In  a  vide  range  of  enrlronments . 
fhrther  detail  must  avalt  establishment  of  more  precise  operating  conditions. 

ftounts  for  a  hypersonic  short-flight  vehicle  and  a  low-altitude  supersonic 
vehicle  are  shown  schccatlcally  In  Figures  7  and  13.  Since  this  type  of 
mount  has  already  been  demonstrated  on  the  X-I5  research  vehicle,  no  further 
design  effort  was  Indicated  in  this  program. 

Proposed  ftethod  for  Protecting  Window 

Since  the  effect  of  a  heated  window  on  the  Imnge  quality  of  hi^  acui^ 
systems  is  so  severe,  some  method  should  be  devised  to  protect  the  vlndov 
from  becoming  hot.  A  possible  protective  device  would  be  a  louver-type 
shxitter  that  opens  only  when  a  picture  is  to  be  taken.  It  would  then  close, 
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shutting  off  the  heat  siqiply  to  the  vlndov.  It  Is  felt  that  this  eonflgim- 
tl<m  is  the  aost  suitable,  because  it  votild  open  and  close  rapidlj  and  wold 
not  disrupt  the  alrflov  as  seriously  as  the  other  openings* 

Figure  135  is  e  sketch  of  a  possible  configuration.  This  figure  mus» 
trates  the  shape  and  geoeetry  of  the  systea.  It  is  reconaended  that  a 
coolant  be  circulated  into  the  cavity  between  the  vlndov  and  the  shutter 
when  the  shutter  is  closed  to  keep  the  vlndov  teoperature  as  close  as  possible 
to  that  of  the  caaera  cavity*  It  is  assuoed  that  for  the  short  period  of 
time  that  the  shutter  vould  be  open,  the  vindov  would  not  be  significantly 
heated  to  cause  degradation  of  resolution* 

Ihe  nechanisB  for  actuating  the  louvers  should  be  a  aechanlcal  devlee* 
Eleetronagnetic  devices,  such  as  activating  solenoids,  lose  many  of  their 
properties  above  the  curie  temperature.  This  tesperature  viU  probably  be 
far  belov  the  operating  teaperature  of  the  shutter* 

FEASIBILITY  OF  PROTECTDC  THE  VnaXW 

The  aerothermodynaole  analysis  (Section  IV)  indicates  that  considerabls 
protection  can  be  provided  for  the  vindov  by  controlling  the  expansion  of 
the  air  layer  over  the  vlndov.  This  can  be  effected  by  sloping  the  vlndov 
relative  to  the  vehicle  mold  line.  If  the  vlndov  is  located  on  an  aft  posi¬ 
tion  and  is  sloped  to  an  angle  of  about  30  degrees,  the  convective  heatii^ 
rate  is  reduced  by  sooe  30  percent  in  laminar  flow  and  over  ^0  percent  in 
turbulent  flov.  These  are  theoretical  values  for  a  blunted  tvo-dimensional 
ving,  and  oay  not  reflect  accurately  the  situation  in  a  three-dlaensional 
problem.  However,  there  is  no  reason  to  believe  that  three-dimensional  data 
vould  not  be  of  the  same  order  of  magnitude,  and  so  a  considerable  degree  of 
optimism  is  varranted.  A  study  of  the  particular  flov  characteristic  of 
specific  vehicles  and  missions  vould,  of  course,  be  necessazy  in  any  ease, 
but  it  is  believed  that  the  feasibility  of  protection  has  been  clearly  esti^ 
blished. 
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Section  VIII 


COXLUSIORS  AKD  RECOMr-END/O'IOlB 
HIPERSOIfIC  RECONNAISSANCE  PHOTOGRAPHI 

The  deviation  of  Image  forming  rays  through  a  window  depends  directly 
on  the  temperature -time  i>arameters  of  the  trajectory.  If  the  teoq>erature* 
tljne  parameters  of  the  trajectories  calculated  In  Section  IV  of  this  report 
are  correct,  then  It  is  relatively  easy  to  determine  the  effect  of  the 
thermally  curved  window  since  the  temperature  distribution  calculated  varies 
only  with  thickness.  This  means  that  Eq.  (64)  can  be  used  to  determine  the 
surface  curvatures,  and  these  results  can  be  substituted  into  Eq.  (93),  to 
obtain  ray  deviations.  If  the  deviations  are  known,  then  the  resolution  can 
be  determined  by  the  method  outlined  in  Section  V.  However,  if  the  teaq^ra- 
ture-tlme  results  are  Incorrect,  or  If  mechanical  or  dynamic  pressure  effects 
are  present,  then  the  situation  will  be  seriously  eiltered  and  predictions  of 
resolution  will  be  very  dlfflc\ilt. 

During  orbital  flight  the  outside  surface  temperature  of  the  window  will 
probably  never  exceed  l4o  F.  The  teeperature  gradient  through  the  glass  will 
be  essentially  tero.  TAght  rays  will  not  be  deviated  by  the  glass,  and  de¬ 
gradation  of  Image  quality  can  be  considered  insignificant.  The  information¬ 
gathering  cajiaelty  of  the  photographic  system  will  then  depend  on  lens 
quality,  film  resolxxtlon  capabilities,  and  other  parameters  not  directly  re¬ 
lated  to  the  window,  and  will  be  equivalent  to  that  of  other  satelllta 
vehicles. 

During  re-entry,  on  the  other  hand,  the  outside  surface  temperature  of 
the  window  rises  shaiply.  The  inside  surface,  protected  from  the  heat  by  the 
window's  own  absorption  capabilities,  is  generally  at  a  Icwer  temperature.  The 
difference  In  temperature  Induces  a  curvature  In  the  window  which  then  acts 
as  an  unwanted  euldltlonal  optical  element  in  the  camera  system.  If  the  radii 
of  curvature  of  the  two  window  surfaces  are  not  concentric  or  are  not  equal, 
the  Image  quality  of  the  photograph  may  be  seriously  degraded.  The  extent  to 
which  it  Is  degrwled  is  not  easily  calculable  without  knowledge  of  the  exact 
Internal  temperature  distribution  for  a  particular  environment  and  window 
mounting. 

On  the  basis  of  the  work  presented  herein,  reconnaisseuice  photography 
during  hypersonic  re-entry  is  not  re conr. .ended,  unless  some  provision  is  made 
to  protect  the  window. 

SUMMARI  OF  PROGRAM  ACCOMPLISHMENTS 

1)  Assessment  of  analytical  predictions  -  The  validity  of  previous 
analyses  concerning  the  eifects  of  induced  curvature  on  image  quality  has  been 
refuted  by  ex];>erlmentfld  test. 

2)  Explanation  of  discrepancies  -  Discrepancies  between  calculated  values 
and  measured  values  are  due  to  inadequacy  of  certain  assumptions  in  the 
analyses.  The  theory  has  teen  modified  so  that  more  accurate  predictions  can 

be  made. 


3)  Diathermanous  vindov  calculations  -  A  computer  program  haa  bees 
developed,  which  can  be  used  with  other  programs  to  provide  more  accurate 
temperature  distributions  through  partially-transparent  materials. 

U)  Cont rolled-expans ion  flow  -  The  feasibility  of  protecting  camera 
windows  from  extreme  thermal  environments  by  means  of  controlled  expansion 
flow  has  been  established.  Controlled  expansion  Is  achieved  when  the  aft 
end  of  the  vindov  is  tilted  inward  from  the  vehicle  moldline.  The  density 
of  the  air  passing  by  the  tilted  window  is  reduced  by  a  controlled  amount, 
resulting  In  a  net  reduction  of  heat  transfer  to  the  vindov. 

5)  Window  moimt  design  -  Several  designs  have  been  prepared  for  a 
vindov  mount  to  be  used  in  a  2000-2500^  environment.  These  mounts  achieve 
structural  stability  of  the  vindov-movint  system  vhile  lalntalnlng  aero¬ 
dynamic  smoothness  and  an  adequate  pressure  seal. 

6)  Deviation  measurements  -  Measured  values  of  optical  deviation 
through  a  photographic  vindow  have  been  obtained  as  functions  of  teoqiera- 
tvire,  pressure  differential,  distance  of  the  light  beam  from  the  center  of 
the  vindov,  and  angle  of  incidence  of  the  light  beam  vlth  respect  to  the 
normal  to  the  vindov. 

7)  pynasoar  vindov  properties  -  Temperature-time  curves  and  heat 
transfer  curves  for  a  cazera  windov  have  been  prepared  for  typical  Qynasoar 
trajectories.  These  values  are  believed  to  be  xzonslderably  more  precise 
them  previously  available  data. 


REC0MMENDATI01I3 

In  order  to  more  closely  simulate  the  envlronTnental  factors  vhlch 
affect  windov  performance.  It  Is  reconniended  that  flight  testing  be 
seriously  considered  In  any  subsequent  program.  The  reasons  for  this 
reconanendatlon  are  as  follovs; 

(1)  Protecting  the  window  from  the  thermal  environment  by  means 

of  a  controlled  expansion  surface  has  been  shown  theoretically 
to  be  feasible.  However,  some  of  the  assuiiq)tlons  used  In  the 
arialysls  are  necessarily  imprecise,  and  a  verification  of  the 
results  by  fr/jans  of  operational  tests  would  be  valuable*. 

(2)  The  laboratory'  teats  which  verified  the  analytical  predictions 
were  necessarily  confined  to  lower  temperatures  than  would  be 
encountered  in  flight .  In  addition,  the  laboratory  tests  were 
designed  to  investigate  the  effects  of  a  single  parameter  at 
one  time.  A  flight  test  is  desirable  for  simulation  of  several 
contributing  factors  simultaneously,  at  temperatures  more  closely 
approximating  the  expected  operational  conditions  to  be  encoun¬ 
tered. 

(3)  The  design  for  a  window  mount  is  based  on  design  experience 
gained  in  previous  aircraft  programs.  A  prototype  should  be 
designed  in  detail,  labricated,  tested  in  the  laboratory. 


modified  as  necessary,  and  finally  proof-tested  in  actual 
flight.  A  method  for  r^easuring  local  temperatures  within 
transparent  rraterials  has  recently  been  developed  (not  under 
this  contract),  at  r.’orth  Anerican,  Reference  22. 

It  Is  proposed  that  consideration  be  given  to  a  follow-on  combined 
analytical,  laboratory,  end  flight  t.'sting  program,  the  flight  test  utlllt- 
Ing  the  X-I5  research  aircraft  or  some  other  vehicle  capable  of  simulating 
the  desired  environment.  Tlie  reco-.-. i-nded  program  would  Include  the  follow¬ 
ing  areas  of  investigation: 

1)  Continuation  of  the  analytical  work  in  aerothermod^Tiamics  and  optics, 
to  more  precisely  define  the  structural  problems. 

2)  Detail  design  of  window  and  mount  to  comply  with  specific  require¬ 
ments  of  hypersonic  vehicles.  Window  material,  size,  and  shape  would  be 
optimized.  A  stress  analysis  would  be  performed  on  the  window-mount  system. 

3)  Fabrication  of  a  prototiT)e  window  and  mount,  and  laboratory  environ¬ 
mental  testing  of  the  system. 

4)  Installation  of  the  system  on  a  suitable  aircraft,  (e.g.  X-15)» 
and  instrumentation  as  necessary  to  acquire  useful  operational  data. 

5)  Flight  teat,  and  interpretation  of  accrued  data. 

Recommended  analytical  work  in  corothermodjTJualcs  Includes  the  following 
actlvltlea: 

a)  Checking  out  the  computer  programming  techniques  more  rigorously. 

b)  Defining  the  flow  field  and  luminosity  effects  by  simulation  of 
flight  conditions  in  a  shock  tunnel.  This  will  establish  the 
relative  importance  of  window  radiation,  and  also  provide 
experimental  data  on  the  effectiveness  of  promectlon  methods 

in  reducing  local  flow  heat  transfer. 

Recommended  onalj^tical  work  in  optics  includes: 

a)  Construction  of  an  apparatus  to  incrementally  move  the  Image 
plane  of  an  optical  collimator  system  of  which  a  heated  window 
is  on  integral  component.  Tliis  will  permit  separation  of 
defocusing  effects  from  degradation-of- resolution  effects,  and 
will  provide  greater  insight  into  the  mechanisms  involved.  It 
may  be  possible,  for  example,  to  employ  a  feedback  circuit 
from  window  to  camera,  to  caiiitaln  the  focal  plane  at  optimum 
position. 

b)  Continuation  of  the  analytical  work  presented  herein,  to  the 
investigation  of  skew  ray'S  and  curved  image  "planes".  Hie 
mathematics  could  be  kept  reasonably  simple  by  assuming 
specific  camera  parameters. 
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c)  Construct Ion  of  an  apparatus  for  direct  recording  of  transfer 
functions  of  heated  windows. 

d)  Investigation  Into  the  practicability  of  directly  measuring 
Internal  teirperatures  of  a  glass  panel  having  a  temperature 
greuilent  between  surfaces.  A  method  developed  at  VAA/IAD 
appears  feasible.  Reference  22,  but  has  not  been  proven 
experimentally . 


*Note:  Headquarters  APSC  Aeronautical  Gystems  Division  Letter  Reauest 
for  Proposal,  number  ASD  PR  597T-N-10,  dated  9  October  19o3# 

Is  directed  towaird  this  type  of  Investigation. 


187 


Section  IX 


REFERENCES 


1.  Nielsen,  J.  N.,  et  al,  Effects  of  Supersonic  and  Hypersonic  Aircraft 
Speed  upon  Aerial  Photography,  Final  Technical  Report,  Phase  I, 

Vidya  Report  No.  17,  March  19^. 

2.  Nielsen,  J.  N.,  et  al.  Effects  of  Supersonic  and  Hypersonic  Aircraft 
Speed  upon  Aerial  Photography,  Final  Report,  Phase  II, 

Vldya  Report  No.  37#  Jiuiuary  I961. 

3.  Armour  Research  Foundation  Pro.^ress  Reports,  Contract  AF33(6l6)-6322. 
U.  ASFC  ASD  Request  for  Proposal  33(657)-62-506U-Q,  h  October  I96I. 

5.  Technical  Proposal  for  Study  of  Photographic  Window  Problem  in 
Supersonic  and  Hypersonic  Aircraft ,  North  American  Aviation,  Inc., 
Report  NA-6I-II56,  3  November  I96I. 

6.  Msnroe,  S.  G.,  "A  Transient  Skin  Temperature  program  for  the  IBM  70**#'* 
North  American  Aviation,  Inc.,  Report  NA-57-1170,  6  September  1957 

7.  Monroe,  S.  0.,  "A  Computer  P’ogram  for  H/personlc  and  Supersonic 
Temperature  Evaluation,"  North  American  Aviation,  Inc.,  Report 
NA-62-79'*,  3  August  1962. 

8.  Larson,  H.  K.,  "Heat  Transfer  in  Separated  Flows,"  Journal  of  the- 
Aerospace  Sciences,  Vol.  26,  No.  11,  November  1959* 

9.  Chapman,  D.  R.,  "A  Theoretical  Analysis  of  Heat  Transfer  in  Regions 
of  Sepairated  Flow,"  NACA  TN-3792,  October  1956. 

10.  Charwat,  Dewey,  Roos  &  Hits,  "Transfer"  Journal  of  the  Aerospace 
Sciences,  Vol.  28,  No.  7,  July  I96I. 

11.  Creager,  M.  0  ,  "High  Altitude  Hyperveloclty  Flow  Over  Swept  Blunt 
Glider  Wings,"  I.A.S.  Paper  #59-113. 

12.  Monroe,  S.G.,  "The  Transient  Temperature  Solution  of  a  Dlathermanous 
Optically  -  Thick  Skin  of  a  Hypersonic  Vehicle,"  North  American 
Aviation,  Inc.,  Report  IiA-63-^51»  17  February  1963* 

13.  Gardon,  R.,  "Calculation  of  Temperature  Distribution  in  Glass  Plates 
Undergoing  Heat-Treatment,"  Journal  of  the  American  Ceramic  Society, 
Vol.  41,  No.  6,  June  1950. 

14.  Goebel,  T.  P.,  "A  Digital  Program  for  Calculating  Aerodynamic  Heat 
Flux  -  Discussion  of  Equations,"  North  American  Aviation,  Inc., 

Report  NA-62-795,  23  July  1962. 


188 


15.  Dwight,  Tables  of  Inte.~rals  and  Other  Mathematical  Data, 
NlacMlllaa  &  Co.,  19^7. 

16.  A  Survey  of  Modem  Aerial  Cazoeras,  North  Asaeirlean  Aviation,  Inc 
Report  MSL  60-6-19,  28  June  I960. 

17.  Morey,  Properties  of  Glass,  Reinhold,  1950* 

18.  Roeork,  Formulas  for  Stress  and  Strain,  McGraw-Hill,  195^* 

19.  Herzberger,  t-todera  Geometrical  Optics,  Interscience,  1958* 

20.  Jenkins  &  White,  Fundamental  of  Optics,  McGraw-Hill,  1957. 

21.  Small,  Analytic  Geometry  and  Calculus,  Appleton-Century,  1953' 

22.  North  American  Aviation,  Inc.,  Internal  tetter  PS-63-5-13* 

20  May  1963. 

23.  Boley  and  Weiner,  Theory  of  Thermal  Stress ,  Wiley,  I96O. 


